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INTRODUCTION 
Nitrogen mineralization and denitrification are two of 
the most important N transformation processes in soil. The 
products of N mineralization, NH^ and NOg, supply the plant 
with this essential element. While denitrification leads to 
loss of N as Ngf both processes play significant roles in 
determining N status in soils. About 95% of the total N in 
most of the surface soils is in organic forms and it has been 
estimated that only 1 to 4% of total organic N is likely to 
be mineralized each year. Denitrification occurs through 
enzymatic reduction of nitrate by facultative anaerobic bac­
teria and nitrate reductase is one of the key catalysts in the 
denitrification process. 
Returning crop residues to the field is becoming a com­
mon agricultural practice. Of the many problems associated 
with organic farming and various soil management practices, 
nutrient cycling in crop-residue-treated soils deserves atten­
tion. The rate of N release from crop residue added to soils 
and the rate of denitrification in soils are affected by sev­
eral soil environmental factors such as moisture, temperature, 
aeration, C/N ratio, pH, and trace elements. Although ex­
tensive studies have been conducted on the various aspects 
of soil N mineralization and denitrification processes, 
little information is available about the effect of pH on N 
mineralization in crop-residue-treated soils and about the 
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relative effect of trace elements on denitrification, es­
pecially on nitrate reductase activity in soils. Such 
information is needed for better prediction of crop N re­
quirements, because crop-residue management, as well as soil 
pH, influences the availability of fertilizer N. Studying 
the effect of trace elements on nitrate reductase activity 
will aid in the understanding of denitrification process in 
polluted soils. 
Many low-molecular-weight organic acids are produced in 
soils as a consequence of microbial activities. Even though 
the concentration of these organic acids in soil solution is 
normally low and variable, in localized zones such as near 
the biologically active sites of decomposing plant and animal 
residues, soil humic substances, and rhizosphere microbial 
activity, rather high concentrations may be attained, espe­
cially under waterlogged conditions. These organic acids may 
have profound effects on various chemical and biological 
processes in soils. They often have physiological effects on 
plant growth and are involved in the solubilization, mobiliza­
tion, and transport of mineral matters. To my knowledge, no 
studies have been conducted to assess the effect of organic 
acids on N mineralization and metal dissolution in cultivated 
agricultural soils, especially under waterlogged conditions. 
This is due to the fact that, until recently, the methods 
used for determining the organic acids (thin-layer and paper 
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chromatography and colorimetric methods) are tedious, time 
consuming, and not accurate. Recent developments in liquid 
chromatography, however, give the opportunity to assess the 
production of organic acids in soils, especially in the 
presence of crop residues under waterlogged conditions. 
Therefore, effort should be made to evaluate the usefulness 
of high-performance liquid chromatographic systems in this 
area of soil research, because this instrument should allow 
the determination of the form and the concentration of 
organic acids in soils. 
Therefore, the main objectives of this study were: 
(1) to assess the mineralization of N in crop-residue-treated 
soils as affected by pH; (2) to study the effect of equimolar 
concentrations of trace elements on nitrate reductase activi­
ty in soils; (3) to assess the analytical application of 
high-performance liquid chromatography for the determination 
of organic acids produced in soils treated with crop residues, 
and to examine the effect of the types of crop residues on 
the concentration and forms of organic acids produced in 
soils under aerobic and waterlogged conditions; (4) to assess 
the relative effect of organic acids on N mineralization in 
soils under waterlogged conditions; and (5) to assess the 
relative effect of organic acids on metal dissolution in 
soils. 
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LITERATURE REVIEW 
Nitrogen (N) is one of the most important essential 
elements for plant growth and is required in relatively large 
quantities by plants. It is a constituent of all proteins 
and nucleic acids and, hence, of protoplasm. Plants ab­
sorb N primarily in the form of NO^ and NH^, though smaller 
amounts of other forms are absorbed as organic substances. 
Soils rarely contain enough N for maximum plant growth, 
since most of the soil N is unavailable to plants. About 
95% of the total N in most of the surface soils is in organic 
forms which occur as consolidated amino acids or proteins, 
free amino acids, amino sugars, and other unidentified com­
pounds (Tisdale and Nelson, 1975). This large, complex, 
organically combined N is not available for plant uptake 
and is only slowly made available through the microbial 
degradation. It has been estimated that only 1 to 4% of 
total organic N is likely to become available each year 
(Thompson and Troeh, 1973). 
The inorganic forms of N in the environment include 
ammonium (NH^), nitrite (NOg),.nitrate (NO^), nitrous oxide 
(NgO), nitric oxide (NO), and molecular nitrogen (Ng). Of 
these, only NH^, NOg, and N0~ forms are of great importance 
from the standpoint of soil fertility. They arise either 
from the normal aerobic decomposition of soil organic matter 
or from the additions to soil of various commercial 
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fertilizers. Nitrite in soils is generally low compared with 
the amount of N0~ and NH^ because it is rapidly oxidized to 
nitrate under most conditions. 
Nitrogen in soils goes simultaneously through various 
transformation processes. The status of soil N at any time 
represents a balance between the gain and loss of this element 
from the soil environment. Gains in soil N occur through 
fixation of molecular N^ by microorganisms into the organic 
form in leguminous crops and from the return of NH^ and NO^ 
in rainwater. Losses occur through crop removal, leaching of 
mobile NO^ and N0~, volatilization of NH^ in alkaline and 
neutral soils, and denitrification process in which NO^ or 
NOg is reduced to Ng when Og is limiting. Although numerous 
studies have been done on N transformations in soils, rela­
tively little information is available on the effect of pH 
and organic wastes (crop residues, sewage sludges, and animal 
manures) on N mineralization in soils. Such information is 
needed because these materials are increasingly being added 
to soils. 
Organic acids are common constituents of soils. Besides 
humic and fulvic acids, many low-molecular-weight organic 
acids are present in soil solutions (Kaurichev et al., 
1963; Stevenson, 1967; Manley and Evans, 1986). They con­
stitute part of the water soluble organic matter and are pro­
duced primarily by the microbiological processes of trans-
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formation of plant residues. These water-soluble, low-
molecular-weight organic acids are believed to be constantly 
introduced to soils through natural vegetation and farming as 
microbial metabolites or plant exudates from living or dead 
cells. They may range from simple aliphatic acids to complex 
aromatic and heterocyclic acids. Depending on the soil con­
ditions, the concentration of these organic acids varies con­
siderably. Generally, very low concentrations can be detected 
but, in localized zones where there are intense microbial 
activities, such as near the plant and animal residues, high 
concentrations can be attained, especially under waterlogged 
conditions (Stevenson, 1967; Tan, 1986). Little information 
is available, however, about the effect of organic acids on N 
transformations in soils, especially under waterlogged condi­
tions . 
Nitrogen Mineralization in Soils 
A key feature of the N cycle in soils is the biological 
turnover of N through mineralization-immobilization. By way 
of definition, N mineralization (or release) is simply the 
conversion of organic N to plant available mineral (NH^, NOg, 
NOg) forms. Nitrogen immobilization (or tie-up) is the con­
version of inorganic or mineral N to the organic forms by the 
soil microflora. The combination of the two reverse processes 
leads to the interchange of inorganic forms of N with the 
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organic N. As indicated by Tisdale and Nelson (1975), the 
mineralization of organic N compounds takes place in essen­
tially three step-by-step reactions: aminization, ammonifi-
cation, and nitrification as indicated below: 
aminization ammonification nitrification 
Proteins > R-NH, > NH^ > NO" > NO" (l) 
(slow) (fast) (v. fast) 
The first two steps are carried out by the heterotrophic 
microorganisms and the third step, namely nitrification of 
NH^ to no", is brought about largely by aerobic autotrophic 
soil bacteria known as Nitrosomonas and Nitrobacter sp. In 
general, the rate-controlling step is the conversion of 
organic N to NH^ rather than the NH^ to NO^ and hence to 
no". In consequence, NO^ usually is the most abundant form of 
mineral N in soils and is the principal form of mineral N 
utilized by plants (Black, 1957; Tisdale and Nelson, 1975). 
Determination of soil N availability for crops requires 
quantitative evaluation of N mineralization reaction in soil. 
The rate of N mineralization in soils is affected by several 
factors, e.g., soil moisture, aeration, temperature, pH, and 
C/N ratio of organic substrate. Studies to evaluate the in­
fluence of these environmental factors on N mineralization 
over the past years are extensive and have contributed to a 
better understanding of N transformations in soils (Bartholo­
mew, 1965; Jansson and Persson, 1982). As indicated by Black 
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(1957), N mineralization is limited by both wet and dry soil 
conditions, although at high temperatures it apparently occurs 
at a substantial rate even in air-dry soils. It proceeds most 
favorably in moist soils where the water content is suitable 
for plant growth. Results obtained by Greaves and Carter 
(1920) showed that the maximum amounts of NH^ and NO^ pro­
duced were at 60% field-water-holding capacity. It should be 
noted that ammonification is an unspecialized process and is 
carried out by a wide variety of microorganisms. It is less 
sensitive to poor aeration and some production of from 
organic N occurs under anaerobic conditions whereas nitrifi­
cation is a strict aerobic process. The study by Amer (1949) 
provided direct evidence for the positive correlation between 
NOg-N production and 
Temperature is known to affect N mineralization by influ­
encing the activity of microorganisms. Black (1957), in his 
review, reported that maximum production of NH^ was at 60-70°C. 
The NO^ production increases with temperature up to 35°C. It 
is very slow at or near freezing point because of restricted 
microbial activity (Thompson and Troeh, 1973). Schoesing and 
Mnutz (1879), as cited by Sabey (1954), found that NO^ produc­
tion was slow at 5°C, appreciable at 12°C, and maximum at 37°C. 
Above 37°C, there was a rapid diminution in rate of N0~ pro­
duction with increasing temperatures and, at 55°C, NO^ 
formation completely ceased, due to the intolerance of 
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nitrifying bacteria to such high temperature. 
The composition of organic substrates affects the rate 
of N mineralization. The total N content of soils provides 
a measure of the quantity of substrate undergoing decomposi­
tion. Generally, under optimum temperature and moisture 
conditions, the net quantity of N mineralized is approxi­
mately proportional to the total quantity of N. This signifi­
cant correlation (correlation coefficient = 0.585) was shown 
by Cornfield (1952) on 19 field and garden soils that had 
not received inorganic N fertilizers at least three months 
previously. However, the correlation coefficients between 
total mineral N accumulation and organic C was rather low and 
not significant as compared with those obtained with total 
soil N. 
The carbon-to-nitrogen ratio (C/N) represents the rela­
tive availability of the carbonaceous and nitrogenous food 
material for the microorganisms. The review articles avail­
able on C/N ratio in soils indicate that, when nitrogenous 
material is in excess (C/N < 20), N is mineralized. Whereas 
if carbonaceous material is in excess (C/N > 30), N is 
immobilized (Thompson and Troeh, 1973; Tisdale and Nelson, 
1975; Stevenson, 1986). Jensen (1929) studied the influence 
of different organic materials, namely, pea pods (Pisum sp.), 
alfalfa (Medicaqo sativa L.), cow manure (Bos taurus), blue 
lupine (L. perennis), sweet clover (Trifolium so.), and wheat 
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straw (Triticum sp.), with increasing C/N ratios on the per­
centage of total N mineralized in six months. A significant 
negative correlation was found between N mineralized and 
C/N ratio. 
Cultivation is also known to affect N mineralization. 
Studies on the effect of cultivation on distribution of the 
various forms of N in soils showed that cultivation led to a 
marked decrease in all forms of N, and had little effect on 
the percentage distribution of N (Keeney and Bremner, 1964) . 
Early studies by Lyon et al. (1923) demonstrated that the 
accumulation of NO^ in soils under oats (Avena sp.) and maize 
(Zea mays L.) was less than in the fallow soils. Also, 
Goring and Clark (1948) concluded that less mineral N accumu­
lated in cropped soils than in fallow soils. Pinck et al. 
(1946) attributed the loss of N to metabolic processes 
occurring within growing plants. 
Enough N for moderate-to-high crop yields can be obtained 
through crop rotations and return of animal manures and har­
vest residues to soils. The availability of N in soils or 
rate of N mineralization is influenced by organic waste 
material or crop residue management. In general, incorpora­
tion of residues low in N would lead to N immobilization. 
When the conditions are suitable, the immobilized N is min­
eralized. Chae and Tabatabai (1986) studied the N mineraliza­
tion in soils amended with various sewage sludges, animal 
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manures, and plant materials. They reported that the manner 
in which N is mineralized during incubation usually follows 
one of four patterns: (1) immobilization of N during the 
initial period; (2) rate of release that decreases with time; 
(3) a steady, linear release with time over the entire incu­
bation period; or (4) a rapid release of NO^ during the first 
few days, followed by a slower, linear release. Chae and 
Tabatabai (1986) concluded that the patterns and amount of 
N mineralized are highly dependent on the composition of 
organic waste and the chemical and physical makeup of the 
soils receiving the organic waste. 
Nitrate Reduction in Soils 
Nitrate reduction or denitrification is a biochemical 
dissimilatory reduction of nitrate under anaerobic conditions. 
The principal gaseous products are N^O and N^. It proceeds 
according to the following reactions: 
NO^ ^ NO" ^ NgO ^ *^2 (2) 
Where is nitrate reductase, which catalyzes the reduction 
of NOg to NOg; Eg is nitrite reductase, which catalyzes the 
reduction of NOg to NgO; and Eg is nitrous oxide reductase, 
which catalyzes the reduction of NgO to Ng (Knowles, 1982). 
The process occurs because NO3 or m~ can be substituted for 
Og as electron acceptors, thus permitting facultative 
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microorganisms to grow and metabolize in the absence of 0^. 
Studies by Cooper and Smith (1963) showed that the rate-
limiting process for denitrification in acid soils is the 
reduction of N0~, whereas in alkaline soils, it is the reduc­
tion of NO". Quantitative estimates of N loss from agricul­
tural soils through denitrification vary tremendously, ranging 
from 0 to 70% of the applied fertilizer N. Total N losses 
due to denitrification in some irrigated California soils 
-1 -1 
were found to range from 95 to 233 kg of N ha year (Ryden 
and Lund, 1980) . 
As indicated above, denitrification occurs through en­
zymatic reduction of NO^ by facultative anaerobic bacteria. 
In bacteria, NOg is reduced to NO^ for two distinct physio­
logical purposes. In one case, NO^ is ultimately reduced to 
NH^ through assimilatory nitrate reductase and can serve as the 
sole source of N for cellular constituents. While in denitri-
fication, NO^ is used as a terminal electron acceptor during 
respiration to provide energy for growth under anaerobic con­
ditions. Thus, it is carried out by dissimilatory nitrate 
reductase, and the NO^ produced is further reduced as shown 
in Equation 2. The factors governing the denitrification in­
clude Og and redox potential, water content, organic C, tem­
perature, and pH. Generally, the rate of denitrification is 
inversely related to the Og concentration (Knowles, 1981). 
The synthesis of dissimilatory NO^ reductase is generally 
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repressed in the presence of Og and derepressed in the ab­
sence of Og. Even though the regulation of synthesis of the 
other reductases involved in the denitrification is not as 
well studied as NO^ reductase, work in the early 1970s indi­
cated that all of the denitrifying enzyme activities were 
induced simultaneously by the absence of Og alone (Firestone, 
1982). 
Waterlogging of soils promotes denitrification. Most 
studies suggest that denitrification occurs only at water 
contents greater than 60% of the maximum water-holding 
capacity or water suction below about 20-40 cm (Knowles, 
1981). This results from the exclusion of 0^ rather than 
from the presence of the water itself. The rate of denitri­
fication is roughly proportional to the available organic C 
(Bremner and Shaw, 1958; Burford and Bremner, 1975) and it 
is also highly temperature dependent (Focht, 1974; Standford 
et al., 1975). George and Antoine (1982) reported that little 
denitrification occurs between 5°C and 10°C. An optimum de­
nitrification activity was observed at 28-37°C. However, 
denitrification activity decreased with further increases in 
temperature up to 60°C. Studies by Abdelmagid and Tabatabai 
(1987) on the effect of temperature on the nitrate reductase 
activity of soils showed that this enzyme is inactivated in 
soils at 40°C. 
The potential for groundwater pollution by NO^ derived 
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from fertilizer or soil organic matter has'stimulated research 
in denitrification over the past decade. Even though the 
central role of denitrification in the N cycle has made it the 
subject of considerable interest, the process remains one of 
the poorly understood facets of soil N transformation, from 
the level of field quantification through fundamental microbial 
biochemistry (Firestone, 1982). For example, although substan­
tial information is available about the assimilatory nitrate 
reductase activity in plant tissues, investigation on activity 
of dissimilatory nitrate reductase is not as well studied. 
Studies on nitrate reductase in soils have been hampered by 
the lack of sensitive and quantitative techniques for measure­
ment of the denitrification rate in soils. To elucidate the 
role of nitrate reductase in denitrification processes, 
Abdelmagid and Tabatabai (1987) developed a procedure using 
2,4-dinitrophenol as the inhibitor of nitrite reductase 
activity, thus allowing the assay of nitrate reductase 
activity in soils. 
Effect of pH and Trace Elements 
on N Transformations in Soils 
Soil reaction or pH has a marked effect on all microbial 
processes including N mineralization and denitrification. By 
regulating the type, amount, and activities of microorganisms 
involved, the rate of N transformation, therefore the avail­
ability of N in soil, is affected. Cornfield (1952, 1959) 
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compared the N mineralization rates for numerous soils of 
different pH values in Great Britain. He reported that NH^ 
accumulation was generally high in acid and low in neutral and 
alkaline soils. Nitrate accumulation occurred more rapidly in 
soils having a pH > 6.5. Addition of CaCO^ increased the 
amount of mineral N released from acid soils during incubation 
but had little or no influence on neutral or alkaline soils. 
Many of the acid soils accumulated NH^ rather than NOg, sug­
gesting that those soils contained fewer nitrifying bacteria 
in comparison with neutral and alkaline soils. The inhibition 
of nitrification by low pH resulted in the accumulation of 
NH*. This is consistent with the fact that fungi are most 
active at pH values below 5.5, whereas actinomycetes and 
bacteria are more prominently involved at pH values above 6.0 
(Kamprath and Foy, 1971). Other studies by Dancer et al. 
(1973) showed that soil pH did not affect rates of ammonifi-
cation appreciably; however, it had a significant effect on 
nitrification rates. Nitrate accumulation for a 15-day incu­
bation period increased three- to fivefold with a soil pH 
increase from 4.7 to 6.5. Thus, soil pH appears to be an 
excellent indicator of soil nitrification capabilities. 
Early investigators reported the optimum reaction for the 
growth of nitrifying organisms to be pH 7.0 to 7.6. Nitrifi­
cation was recorded as active, however, at pH 8.3 to 9.5. 
The NOg-forming organisms are much less sensitive to high pH 
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than the NO~-forraing organisms. They are reportedly alive 
even at pH as high as 13 (Weber and Gainey, 1962). Morrill 
and Dawson (1967) studied the effect of pH on nitrification in 
116 U.S. soils ranging in pH from 4.4 to 8.8 and classified 
nitrification into four different patterns directly related to 
soil reaction as follows; (1) rapid oxidation of to NO", 
which accumulated for extended periods of time before being 
oxidized to NOg, associated with alkaline soils of pH 6.93 
to 7.85; (2) rapid oxidation of NH^ and NO^ to N0~, associated 
with soils of pH 5.01 to 6.38; (3) slow oxidation of NH^ to 
NOg without NOg appearing, associated with certain acid soils 
ranging in pH from 4.94 to 5.39; (4) accumulation of NH^ with 
very little oxidation to NO^ and NOg, associated with certain 
acid soils ranging in pH from 4.87 to 5.12. They concluded 
that the occurrence of the four patterns was correlated with 
numbers and proliferation rate of bacteria, Nitrosomonas and 
Nitrobacter sp. Therefore, soil pH appears to be one of the 
most important parameters affecting nitrification rates in 
soils. 
Denitrification is also affected by soil pH. The opti­
mum pH for denitrification is between 7.0 and 8.0 (Van 
Cleemput and Patrick, 1974). Wijler and Delwiche (1954) 
studied the effect of initial soil pH on the denitrification 
of added N as alfalfa meal in a Yolo silty clay loam. Soil 
samples adjusted to pH values ranging from 4.9 to 7.9 were 
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incubated anaerobically for two weeks. The results showed 
that at pH values of 4.9 to about 5.6, most of the loss 
occurred as NgO. At pH values of 7.3 to 7.9, the loss was 
largely in the form of Ng and to a lesser extent NgO. How­
ever, the process is complicated at the lower pH values be­
cause of no" accumulation. A presumptive evidence in the 
literature showed that NO^ is not only susceptible to 
enzymatic reduction (through NO and NgO to Ng) under 
anaerobic conditions, but in well-drained soils of low pH, 
NOg is also subject to chemical decompositions such as; 
(1) NH^NOg > ZHgO + Ng; (2) RNHg + HNOg ——> ROH + Ng + 
HgO; and (3) 3HNO2 > 2N0 + HNO3 + H^O (Tisdale and 
Nelson, 1975; Knowles, 1981). These reactions occur fre­
quently but not exclusively at low pH values. 
Soil is a very specific component of the biosphere be­
cause it is not only a geochemical sink for contaminants, 
but also acts as a natural buffer controlling the transport 
of chemical elements and substances to the atmosphere, hydro­
sphere, and biota. Trace elements originating from different 
sources may finally reach the surface soil, accumulate or be 
retained, thus affecting various soil biochemical processes. 
Soil pollution by heavy metals and other trace elements is 
now one of the major environmental problems associated with 
some industries. The concentration of trace elements in 
soils may be substantially increased by the application of 
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sewage sludge and industrial and mining wastes. Use of 
trace elements in various industries has been summarized 
recently by Page (1974). In his review on the fate and 
effects of trace elements in sewage sludge applied to agri­
cultural lands, Page concluded that surface horizons of 
sludge-amended soils are enriched in trace elements. The 
applications of any sludge equal to 400 tonnes ha~^, if 
mixed uniformly through the surface 15 cm, will add more 
Cd, Cu, Hg, and Zn to this zone than is normally present in 
natural soils. Also, several of the trace elements (e.g., 
Cu, Fe, Zn) are added to soils as fertilizers or as impuri­
ties in fertilizers or as components of municipal and indus­
trial wastes (Allaway, 1971; Berrow and Webber, 1972; 
Lagerwerff, 1972). In addition, elements such as Pb and V 
are present in fuel oils and gasoline and are emitted into 
the atmosphere upon burning and deposited on soils, especial­
ly near urban areas (Lagerwerff, 1972; Tyler, 1974, 1975). 
Recent concerns over this soil pollution problem have 
led several research centers to evaluate the toxic effects 
of trace elements on the biochemical processes in soils. The 
inhibition of N mineralization and nitrification by 19 trace 
elements commonly found in sludge samples was studied by 
Liang and Tabatabai (1977, 1978). Their results indicated 
that all 19 elements inhibited mineral N production in soil. 
The relative effectiveness of inhibition depends on the soils 
19 
and metals. Also, recent studies have shown that microbial 
growth and enzymatic activity in soils are inhibited by trace 
elements, including heavy metals. The influence of heavy 
metals, Cd, Cu, Pb, and Zn, on the denitrifying microbial 
growth under anaerobic conditions was reported by Bollag and 
Barabasz (1979). They reported that the results with pure 
cultures of denitrifiers in a liquid medium and autoclaved 
soils, as well as with native soil, clearly indicated that 
the investigated heavy metals reduce denitrification activity 
of microorganisms and the inhibition is specific both for 
each organism and for each metal. 
Studies by Tabatabai and his co-workers on the effects 
of 21 trace elements on enzyme activities in soils showed 
that amidase, arylsulfatase, acid and alkaline phosphatases, 
and urease were inhibited by most of the trace elements 
studied (Juma and Tabatabai, 1977; Tabatabai, 1977; 
Al-Khafaji and Tabatabai, 1979; Frankenberger and Tabatabai, 
1981). The degree of inhibition varied among the soils used. 
Generally, the inhibitory effect of the trace elements de­
creased when the amount of trace element added per gram of 
soil decreased by tenfold (from 25 (imoles to 2.5 umoles). 
To my knowledge, no information is available on the effect 
of trace elements on nitrate reductase activity of soils. 
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Sources of Organic Acids in Soils 
The production of organic acids in soils has its bio­
logical origin. Plant and animal tissues contain a large 
number of organic acids. The most common ones are those 
that participate in the tricarboxylic acid cycle such as 
citric, malic/ succinic, and cis-aconitic. Other acids in­
clude formic, acetic, propionic, butyric, oxalic, and tartaric. 
Aromatic acids are also widely distributed in biological 
tissues, e.g., £-coumaric, caffeic, ferulic, gallic, and 
protocatechuic acids (Stevenson, 1967). Living plants con­
tribute organic substances to the soil in root exudates and 
leaf washings. In rhizosphere, many low-molecular-weight 
substances are exuded by roots of growing plants. These root 
exudates contain amino acids, sugars, and carboxylic organic 
acids. Vancura (1964) studied the root exudates of barley 
(Hordeum vulqare L.) and wheat (Triticum sp.) in their initial 
phases of growth. He identified keto-acids, i.e., pyruvic and 
oxalacetic acids, and several hydroxy-, di-, and tricarboxylic 
acids that comprise uronic acids, oxalic, malic, glycolic, 
succinic, and fumaric acids. In addition, ferulic, o-
coumaric acids, and traces of gallic acid were also present 
in barley root or wheat root exudates. Bruckert et al. 
(1971) identified citric, malic, oxalic, succinic, vanillic, 
£-hydroxybenzoic, and g-coumaric acids in rain washings of 
plant leaves. A review by Stevenson (1967) reported that 
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in exudates of both sorghum ( Sorghum vulgaire Pers. ) and mus­
tard roots (B. nirta), oxalic and tartaric acids were found. 
Acetic, propionic, butyric, valeric acids, and trace of non­
volatile acids were also detected in wheat exudates. Miscel­
laneous organic acids in cereal exudates include acetic, 
lactic, oxalic, pyruvic, malic, and tartaric acids. A variety 
of organic acids such as fumaric, succinic, glycolic, malic, 
lactic, and citric were also found in exudates of common vege­
tables (Vancura and Hovadik, 1965). 
In addition to plant exudates, other organic acids in 
soils are produced by microbial metabolism or oxidative degra­
dation of soil organic matter. Bacteria and fungi differ 
somewhat in the nature of the organic acids they produce. 
Bacteria synthesize mainly volatile acids, while fungi produce 
largely nonvolatile types (Stevenson, 1957). Studies by Wang 
et al. (1967) showed that the amounts of organic acids found 
in soil were of the following order; volatile aliphatic 
acids > nonvolatile aliphatic acids > phenolic acids. Among 
the low-molecular-weight aliphatic acids identified in soils 
are acetic, butyric, citric, formic, fumaric, lactic, malic, 
oxalic, propionic, pyruvic, succinic, and tartaric acids. 
Among the aromatic acids are £-hydroxybenzoic acid, caffeic, 
£-coumaric, ferulic, gallic, protocatechuic, salicylic, 
syringic, and vanillic acids (Kaurichev et al., 1963; 
Stevenson, 1967; Tan, 1986). The concentrations of such 
acids in soils are generally in the range of 10~^ to 10~^ M 
(Manley and Evans, 1986). 
Soil aeration, kind of organic materials added, type of 
soils, and time of decomposition are all important factors 
governing the dynamics of organic acids in soils. In aerobic 
soils, very small quantities of organic acids were found. The 
water-soluble organic acids have a transitory existence in 
soils. They are metabolized quickly by soil microorganisms. 
Anaerobic conditions are known to be favorable to microbial 
synthesis of organic acids. Considerable quantities of ali­
phatic organic acids are produced in submerged soil during 
the fermentation of organic matter. For example, in flooded 
paddy soils, organic acids produced include acetic, butyric, 
formic, fumaric, propionic, succinic, valeric, and lactic 
acids (Stevenson, 1967; Gotoh and Onikura, 1971). During the 
decomposition of crop residues, many low-molecular-weight 
organic acids are produced as intermediate products, especial­
ly under the waterlogged conditions. The aqueous extract of 
decomposing wheat straw contains acetic, propionic, and 
butyric acids (Lynch, 1977; Wallace and Elliott, 1979; Lynch 
et al., 1980). Also found in cold-water extracts of straw 
of barley, ryegrass (Lolium sp.), bluegrass (Poa pratensis 
L.), and wheat are some aromatic acids such as ferulic, £-
coumaric, vanillic, and p-hydroxybenzoic acids (Tang and 
Waiss, 1978). Phenolic acids in soils mainly originate in 
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the decay of ligneous residues. Whitehead (1964) reported 
the occurrence of £-hydroxybenzoic, vanillic, £-courmaric, 
and ferulic acids in various soils. The total quantities of 
the phenolic acids amounted to only 0.004 to 0.009% of total 
organic matter in soil due to the susceptibility of phenolic 
compounds to microbial attack and leaching or reaction with 
other soil constituents. Forest soils are also important 
sources of phenolic acids because woods and leaves 
of trees contain large amounts of tannin and lignin in gen­
eral. The aqueous extracts of various organic residues or 
litters contain low-molecular-weight organic acids. In leach-
ate solutions of forest soil or forest litter, e.g., in ex­
tracts of birch (Belula sp), spruce (Picea sp.), sphagnum 
(Sphagnum sp.), or pine (Pinus sp.) 0^ litter, oxalic, gly-
colic, fumaric, citric, formic, aconitic, succinic, proto-
catechuic, £-hydroxybenzoic, vanillic, and salicylic acids 
were detected (Kaurichev et al., 1963; McColl and Pohlman, 
1986). Shindo et al. (1978) surveyed six paddy soils and 
nine forest soils and detected £-coumaric, ferulic, vanillic, 
£-hydroxybenzoic, syringic, salicylic, and protocatechuic 
acids. They found that total amounts of individual phenolic 
acid in forest soils (34-632 ppm) were markedly higher than 
those in the paddy soils (10-26 ppm). 
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Effect of Organic Acids on Soils 
Low-molecular-weight organic acids produced by microbial 
activities, though generally present in very low concentra­
tions, are known to have profound effects on various chemical 
and biological processes in soils. For example, they are in­
volved in the solubilization, mobilization, and transport of 
mineral constituents in soils as well as having different 
physiological effects on the growth of higher plants. 
The return of plant residues to the soil has long been 
recognized as being of agronomic importance, especially as 
related to tilth and maintenance of organic matter. Stubble-
mulching and reduced- or no-tillage planting provide an effec­
tive way of controlling soil erosion by wind and water. How­
ever, when crop residues are left on the soil surface, it 
occasionally results in deleterious effects on succeeding 
crops and a reduced crop yield as compared to plowing (Guenzi 
and McCalla, 1966; Cochran et al., 1977). Substantial evi­
dence over the past few decades indicates that phototoxic sub­
stances in soils, as a result of decomposition of plant resi­
dues and soil organic matter, may be responsible for the re­
duced crop yield. The organic acids produced may be one 
factor causing such a reduction. Under suitable environmental 
conditions, organic acids could accumulate and reach levels 
in soils toxic to plant growth. 
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The aqueous extracts of various crop residues after de­
composition have been found to exert toxic effects on plant 
growth. Patrick and Koch (1958) noted that toxic substances 
obtained in water extract of crop residues [timothy (Phleum 
pratense), corn (Zea mays L.), rye (Secala cereale L.), or 
tobacco (Nicotiana sp.) plants] inhibited the respiration, 
germination, and growth of tobacco seedlings after exposure 
of less than one hour and also induced darkening and necrosis 
of root cells. The kinds of residues, along with other soil 
factors such as pH, water content, and length of decomposition, 
affected the degree of toxicity. Timothy gave rise to sub­
stances possessing the highest toxic activity, followed by 
corn, then rye, and finally tobacco. 
The adverse effects of straw on plant growth was observed 
as early as 1925 (Collison and Conn, 1925). Borner (I960) 
analyzed the cold-water extracts of barley, rye, and wheat 
straws and indicated that the extracts contained phenolic 
compounds toxic to plant growth, some of which were ferulic, 
£-coumaric, vanillic, and £-hydroxybenzoic acids. The resi­
dues of oat and wheat straw, soybean (Glycine max (L.) Merr.), 
and sweetclover (Trifolium subterraneum L.) hay, corn, and 
sorghum stalks, bromegrass (Bromus sp.), and sweetclover stems 
all contained water-soluble substances that inhibited germina­
tion and seedling development (Guenzi and McCalla, 1962; 
Guenzi et al., 1967). According to Kimber (1973), the growth 
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of wheat roots was inhibited more than that of shoots. 
It is widely recognized that organic acids accumulate in 
soils of poorly drained paddy fields and of fields with heavy 
application of green manures (Chandrasekaran and Yoshida, 
1973). Plants grown on a soil treated with rice straw (Oryza 
sativa L.) showed poor growth and N deficiency at early stage 
(Gotoh and Onikura, 1971). A distinct root growth inhibition 
of rice plants was observed immediately after waterlogging in 
the low productive sandy and peaty soils (Takijima, 1964). 
The amount of organic acids formed in sucrose-treated rice 
fields followed the order; acetic > n-butyric » formic > 
lactic > succinic > propionic > valeric. With time, root 
growth depression was considerably reduced parallel with the 
decrease of organic acid content. In paddy soil with heavy 
green manure added, the amount of organic acids reached a 
maximum in about a week then decreased. Organic acids pro­
duced were mainly butyric and acetic, whereas fumaric and 
succinic acids were metabolized quickly. The inhibitory 
effect of the more common acids on the growth of rice follows 
the sequence: butyric > propionic > acetic > formic > oxalic 
(Stevenson, 1967). Mishustin and Erofeev (1966) determined 
organic acids in aqueous extract from straw of winter wheat 
incubated under aerobic and anaerobic conditions. They con­
cluded that the most harmful influence on plants was exerted 
by volatile aliphatic acids. Under aerobic conditions, no 
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inhibition occurred and the phenolic acids' were rapidly 
destroyed by soil microflora. The products of aerobic 
processes even stimulated the root extension of barley 
seedling (Lynch, 1977). 
The low-molecular-weight volatile fatty acids reportedly 
are more toxic to rice plants at soil pH below 7 (Chandrase-
karan and Yoshida, 1973). The study by Tanaka and Navasero, 
1967) indicated that when pH of the rice-growth medium is low 
and the concentration of carbonic acid or organic acids (un-
dissociated forms) is high, the uptake of the acids by the 
roots is rapid, thus retarding the respiration of roots and 
the growth of the plants. However, at higher pH values, the 
acids that are easily dissociated are not detrimental to 
rice growth. They also observed that the acids that had 
higher molecular weights tended to retard rice growth more. 
Lynch (1977) reported that the higher the concentration of 
acetic acid, the lower the pH and, consequently, the greatest 
phytotoxicity will be observed when seeds and seedling roots 
are in direct contact with the straw. This is consistent 
with the observed effects of straw in the field. Among the 
organic acids produced in submerged soils, acetic acid was 
the most dominant, propionic and butyric were present in 
smaller amounts but were more toxic (Lynch, 1977, 1978; 
Wallace and Elliott, 1979). Lynch (1977) also stated that no 
evidence was obtained to support the view that aromatic acids 
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contribute to the inhibition of plant growth by the water-
soluble fraction; earlier observations that aromatic acids 
were involved in inhibition of plant growth could reflect 
that they were extracted with mineral acid or alkali and were 
not necessarily present in the free state, which would be 
necessary to affect plant growth. 
Although the importance of the toxic effect of organic 
acids on plant growth is well recognized, their precise role 
is obscure and often controversial because of the complex 
nature of the interactions. Some investigators attribute the 
harmful effects of crop residues to the depletion of nutrients 
or immobilization of N by soil organisms during the decomposi­
tion processes. Others disagreed with this reasoning because 
more N is available in green manure-treated soils, thus the 
organic acids produced are probably responsible for the toxic 
effect. Tanaka and Navasero (1967) reported that organic 
acids retard the uptake of Mn and K. Lee (1977) showed that 
treatment of intact barley-root systems with salts of certain 
aliphatic and aromatic carboxylic acids caused the loss of K, 
NOg, and organic materials from root to the surrounding solu­
tion by disrupting the membrane structure. The extent of loss 
depended upon the lipophilic nature of organic acid and upon 
the concentration of undissociated acid. 
It is worth noting that apparently harmless concentra­
tions of individual volatile fatty acid could produce potent 
29 
phytotoxic effects when combined with other volatile fatty 
acid (Wallace and Whitehead, 1980). This is important be­
cause it suggests that more effective methods may be needed 
to control the damaging effects of decomposing crop residues. 
Organic acids also play an important role in solubiliza­
tion, mobilization, and transport of mineral matter in soils. 
The weathering of minerals and rocks could be facilitated by 
the water-soluble, low-molecular-weight organic acids through 
the processes of organo-metallic complex formation or metal 
chelation (Stevenson, 1967; Song and Huang, 1988). The 
crystallization of minerals can also be influenced by the 
presence of organic acids. Huang and Keller (1972) reported 
the results of laboratory dissolution of common silicate min­
erals at room temperature in 0.01 M organic acids containing 
such functional groups as carboxyl, hydroxy-, and amino-, 
which occur in soil acids and other organic acids of geologic 
and pédologie systems. These include weakly complexing-
acetic, strongly complexing-citric, tartaric, and salicylic. 
The results showed that organic acids dissolved framework 
cations (Si, Al, Fe, and Mg) of minerals more readily than did 
water. Relatively high concentration of Al or Fe in the 
strongly complexing acids was observed. This is probably due 
to the formation of stable water-soluble Al or Fe organic 
complex or chelates in the solutions. 
Many naturally occurring organic compounds have been 
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shown to be capable of dissolving rocks and minerals by che­
lation of constituent metals. Among the low-molecular-weight 
compounds that are known to chelate metals, aliphatic acids 
are responsible for most of the chelating ability of soils. 
For example, acetic and oxalic acids have been used to extract 
copper from soils (McLaren and Crawford, 1973). Aqueous ex­
tracts of tree leaves, crop plants, and manure apparently 
desorb complexed metals from soils. Work by Muir et al. 
(1954) showed that aqueous extracts of pine needles that 
contained malic and citric acids were capable of mobilizing 
Fe from Fe-bearing minerals by forming soluble complexes and 
ferric hydroxide sols. Other acids such as 2-ketogluconic 
acid produced by soil bacteria chelate Ca from a number of Ca 
salts and minerals (Mortensen, 1963). The relative effective­
ness of different organic acids in mineral weathering has been 
demonstrated by several soil scientists (Boyle et al., 1974; 
Kwong and Huang, 1979; Manley and Evans, 1985; Pohlman and 
McColl, 1985). The result of biotite weathering by organic 
acids showed that the relative amounts of various cations ex­
tracted varies with the acid used. The organic acids ex­
tracted greater percentage of cations than HCl of approxi­
mately the same pH. Citric acid with higher stability of 
metal complexes than malonic acid removed more Fe, Mg, and 
A1 at the same pH (Boyle et al., 1974). Dissolution of feld­
spars by low-molecular-weight aliphatic and aromatic acids 
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revealed, however, that the total amounts of elements and of 
A1 released is correlated with the pH of their 10"^ M solu­
tions (Manley and Evans, 1986). Despite the emphasis of 
complexation role of organic acids in metal dissolution by 
various authors, Manley and Evans (1986) suggested that the 
strength of the acid was probably more important in the re­
lease of elements from the minerals than the ability of acid 
to complex metals. 
The dissolution products in the form of chelates and 
complex compounds have an important bearing on soil genesis 
and fertility. Spodic horizon genesis is generally thought 
to involve the formation, translocation, and immobilization 
of organo-metallic complexes. Organic acids capable of che­
lating A1 and Fe contribute to the downward movement of the 
chelate, thus the development of spodic horizons. It was 
suggested that A1 and Fe chelate complexes with protocatechuic 
acid may play a role in the formation of spodic horizon 
(Vance et al., 1986). Significant correlation was obtained 
between total free-organic acid (five aliphatic and six aro­
matic acids) content and dissolved A1 and Fe (Pohlman and 
McColl, 1988). Among the acids identified, oxalic, malic, 
gallic, and protocatechuic acids were very effective chelators. 
The role of chelates in soil fertility is well recog­
nized, especially the micronutrient availability. Many of 
the cations chelated are essential micronutrients and can 
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be made available to plants by exchange. The availability of 
phosphorus in soil is affected by chelation of Ca, Fe, and A1 
by organic acids. Organic acids release phosphate from 
insoluble Ca, Fe, and A1 phosphates. The breakdown of sili­
cates due to organic acids also results in the release of K 
and other nutrients (Stevenson, 1967). 
Methods of Determining Organic Acids 
Traditional methods of analyzing organic acids are paper 
chromatogrphy (PC) and thin-layer chromatography (TLC). Gen­
erally, TLC is superior to paper chromatography in resolution, 
compactness of spots, and speed (Skoog, 1985; Fritz and 
Schenk, 1987). 
Before the development of specialized polymeric liquid 
chromatogrphy column, PC and TLC were widely used as methods 
of separating organic acids. For example. Whitehead (1964) 
identified £-hydroxybenzoic, vanillic, £-coumaric, and 
ferulic acids in soils by TLC. The disadvantages of both PC 
and TLC are that they are time consuming and cumbersome with 
low efficiency. Gas chromatography/mass spectrometry has 
been used to replace PC and TLC for accurate, quantitative 
analysis of organic acids. The technique is very sensitive 
and selective but it has disadvantages. Since most organic 
acids are not sufficiently volatile, sometimes suitable 
volatile derivatization is required, thus making it time 
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consuming. High-performance liquid chromatography (HPLC), 
however, offers a simple, rapid, and highly efficient method 
for simultaneously separating the multicomponent organic acid 
sample, and is becoming a widely used technique for organic 
acid analysis in biological samples, e.g., in food, vege­
tables, or dairy products (Palmer and List, 1973; Marsili 
et al., 1981; Boston and Kissinger, 1982). McColl and Pohlman 
(1986) determined water-soluble organic acids in forest soils 
by HPLC using a UV detector. They reported that the identi­
fied organic acids released from litter and soil organic 
matter upon leaching with mineral acids (0.1 or 10 mM HgSO^, 
HNOg, HCl) included oxalic, citric, aconitic, succinic, 
fumaric, protocatechuic, £-hydroxybenzoic, vanillic, and 
salicylic. However, because UV detectors are not very sensi­
tive for the detection of aliphatic acids, oxalic, citric, and 
succinic acids were not quantified and the resolution of 
peaks was not very good. To my knowledge, HPLC coupled to a 
refractive index detector has not been used for determination 
of organic acids in soils. This analytical instrument de­
serves evaluation for determination of organic acids in soils, 
because refractive index detector gives higher sensitivity 
than the UV detector commonly used for the determination of 
organic acids, especially for aliphatic acids. 
Therefore, in this work I studied the effect of soil pH 
on N mineralization in crop-residue-treated soils, the effect 
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of equimolar concentrations of trace elements on nitrate 
reduction in soils, application of high-performance liquid 
chromatography in determination of organic acids produced in 
soils treated with crop residues, the relative effect of 
organic acids on N mineralization in soils under waterlogged 
conditions, and the effect of organic acids on metal dissolu­
tion in soils. 
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MATERIALS AND METHODS 
Soils 
A total of 19 surface soil samples (0-15 cm) were used 
in this work. Of these, 13 soil samples were obtained in 
June 1984 from various locations across Iowa. The other Iowa 
soil (Ackmore) was obtained in 1978. The soils from Chile 
and Costa Rica are the same samples used by Pirela (1987) and 
Briceffo-Salazar (1988). The soil samples were selected to 
include a wide range of chemical and physical properties 
(Table 1). Most of the soil samples were obtained from uncul­
tivated and/or unfertilized fields. 
Samples of field-moist soils were passed through a 6-mm 
screen and divided into two portions. One portion was air-
dried at room temperature for 48 h and stored in a sealed 
bottle. A subsample of the air-dried portion was ground to 
pass through a 2-mm sieve, and a portion of it was ground to 
pass through an 80-mesh sieve (180 |j,m) for determination of 
the chemical properties. The second portion was mixed 
thoroughly, placed in polyethylene bags, and stored in a 
refrigerator at 4°C for later experiments. 
In the analyses reported in Table 1, soil pH was deter­
mined by a glass electrode, organic C by the method of 
Mebius (1960), total N by the semimicro-Kjeldahl procedure 
described by Bremner and Mulvaney (1982), inorganic N (NH^ 
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Table 1. Properties of soils used 
Soil pH^ 
No. Series Subgroup «2° CaCl 
Iowa soils 
1 Ida Typic Udorthent 7.4 6.7 
2 Chelsea Alfic Udipsamment 7.2 -
3 Hayden Typic Hapludalf 5.8 5.1 
4 Downs Mollic Hapludalf 6.4 6.4 
5 Luther Aerie Ochraqualf 6.4 5.6 
6 Ackmore Aerie Fluvaquent 5.8 -
7 Tama Typic Argiudoll 5.4 5.1 
8 Ames Typic Albaqualf 6.7 -
9 Lester Mollic Hapludalf 6.6 6.1 
10 Muscatine Aquic Hapludoll 7.6 6.9 
11 Nicollet Aquic Hapludoll 6.4 5.9 
12 Harps Typic Calciaquoll 7.9 7.2 
13 Okoboji Cumulic Haplaquoll 7.0 6.7 
14 Canisteo Typic Haplaquoll 7.8 7.2 
Chilean soils 
15 Alhue Xeric Durandept 8.0 7.4 
16 Osorno Typic Dystrandept 5.3 4.9 
Costa Rica soils 
17 Diamantes Typic Dystrandept 5.1 4.7 
18 Cat ie Fluventic Humitropept 5.1 4.6 
19 Finca Sacramento Typic Dystrandept 6.1 5.7 
cates 
^Soil:water or soil 
not determined. 
;0.01 M CaClg ratio, 1:2 .5; - indi-
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Table 1. (Continued) 
Carbon as Nitrogen as Phosphorus as Sulfur as 
Soil 
no. Org. Inorg Total NHJ NO3 Org. Inorg. Org. 
soil———— . soil' —-_g Kg 
Iowa soils 
1 5 87 0.78 4 0 41 712 138 1.9 
2 6 - 0.57 - - - - - -
3 8 0 0.80 2 2 109 266 126 2.0 
4 10 0 1.06 9 6 174 249 189 6.6 
5 13 0 1.02 6 7 160 171 122 3.2 
6 16 0 1.38 5 4 277 260 - -
7 22 0 1.90 7 31 330 163 230 10.3 
8 30 0 2.23 11 11 192 202 - -
9 34 0 2.53 5 10 292 135 397 4.3 
10 36 12 2.50 6 5 326 167 345 2.5 
11 37 0 2.82 8 9 327 217 388 2.0 
12 40 47 3.28 4 6 352 261 467 3.0 
13 43 0 3.90 4 21 362 516 432 4.8 
14 44 35 3.79 4 4 353 247 473 5.7 
Chilean soils 
15 14 42 1.31 1 15 152 427 351 7.2 
16 84 0 7.61 20 80 1196 767 892 1.9 
Costa Rica soils 
17 25 0 3.00 14 43 1731 269 1353 3.4 
18 26 0 2.70 16 29 1393 124 500 2.6 
19 42 0 4.40 13 66 2017 768 897 4.4 
CaCOg equivalent. 
'Extracted with 0.1 M LiCl; 1:10, soil : solution ratio. 
Table 1. (Continued) 
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Exchangeable bases 
no. CEC Na K Ca Mg Clay Sand Moisture 
cmol( + ) kg~^ soil -g kg~^ soil 
Iowa soils 
1 15.6 0.1 0.6 1.6 160 70 30 
2 - - — - - 40 930 -
3 10.5 0.0 0.4 6.1 1.4 140 530 110 
4 17.8 0.0 0.4 10.1 2.6 240 40 60 
5 14.0 0.0 0.3 8.9 1.1 170 330 120 
6 - - — - - 220 100 190 
7 18.6 0.1 0.5 9.2 1.9 230 50 80 
8 - - - - - 100 570 210 
9 19.5 0.0 0.5 15.0 2.6 160 330 290 
10 35.0 0.0 0.5 - 1.2 280 40 230 
11 25.8 0.0 1.5 16.2 2.1 210 400 280 
12 34.8 0.1 0.4 - 1.9 290 270 320 
13 36.1 0.0 1.2 27.9 3.5 260 300 240 
14 40.0 0.0 0.5 - 1.5 320 210 330 
Chilean soils 
15 15.1 0.3 0.4 - 1.8 180 400 90 
16 52.4 0.1 1.5 0.7 1.7 310 170 500 
Costa Rica soils 
17 36.8 0.1 0.8 7.6 2.5 210 330 420 
18 42.0 0.1 4.9 5.8 2.2 390 230 470 
19 49.8 0.1 4.9 17.7 1.8 230 400 480 
39 
and NOg) by steam distillation as described by Keeney and 
Nelson (1982), inorganic C by the method of Bundy and 
Bremner (1972), and orgnaic and inorganic P by the method 
of Olsen and Dean (1965), as modified by Chae and Tabatabai 
— 9 (1981). Total S and inorganic S0~ -S were determined by the 
NaOBr oxidation method and in soil extracts obtained with a 
solution containing 500 mg L~^ as Ca(H2P0^)2, respectively, 
_ 2 
as described by Tabatabai (1982). The inorganic SO^ -S ex­
tracted was determined by ion chromatography (Dick and 
Tabatabai, 1979). The cation exchange capacity was measured 
by the method of Chapman (1965). Exchangeable K, Na, Ca, and 
Mg were determined by using neutral, 1 M NH^OAc as described 
by Heald (1965) and Pratt (1955), and particle-size distribu­
tion by pipette method of Kilmer and Alexander (1949). Or­
ganic C, total N, total P, inorganic P, and total S were 
performed on the <80-mesh samples. All other analyses were 
carried out by using the <2-mm soil samples. All results 
reported are in a moisture-free basis, moisture being deter­
mined from loss in weight after drying at 105°C for 48 h. 
Crop Residues 
Three crop residues [corn (Zea mays L.), soybean (Glycine 
max (L.) Merr.), and sorghum (Sorghum vulqare Pers.)], and 
alfalfa (Medicago sativa L.) were used in Parts I and III. 
The corn and sorghum materials were collected before harvest 
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and included leaves and stems. The soybean material was 
collected just after harvest. The alfalfa was harvested 
fresh. All plant materials were dried at 65°C for 48 h 
and ground to pass a 20-mesh sieve (850 jj,m) . For simplicity, 
hereinafter, "crop residue" will be used to include all the 
plant materials studied. The analyses of the crop residues 
studied are reported in Table 2. In the analyses reported, 
organic C was determined by the method of Mebius (1960), 
total N by digestion in a Folin-Wu tube with salicylic 
acid and salt catalyst to include NO^ (Nelson and Summers, 
1973), and NH^-N and NO^-N by steam distillation (Keeney and 
Nelson, 1982 ) . 
Table 2. Properties of crop residues used 
Total Inorganic N 
Crop residue q N NHJ NQ- C/N 
Corn 401 
-1 g kg 
7.0 
—mg 
48 
kg-1---
23 57.9 
Soybean 438 12.4 60 18 35.6 
Sorghum^ 414 21.5 . 99 1073 20.4 
Alfalfa 399 28.3 476 65 14.4 
^Whole plant produced on a high-fertility soil. 
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PART I. EFFECT OF pH ON NITROGEN MINERALIZATION 
IN CROP-RESIDUE-TREATED SOILS 
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INTRODUCTION 
Returning crop residues to the field is a well-known 
agricultural practice, because it can increase the organic 
matter content of soils and add plant nutrients. Of the many 
problems associated with organic farming (Carter, 1980) and 
various soil management practices, including minimum tillage 
and no-till systems, nutrient cycling in crop-residue-
treated soils deserves attention. The rate of N release from 
crop residue added to soils depends on the system's proper­
ties; e.g., types of crop, C/N ratio, and various soil en­
vironmental factors such as moisture, temperature, aeration, 
and pH. Although pH is one of the most significant parameters 
affecting the soil chemical and biological properties, little 
information is available about the effect of pH on N trans­
formations in crop-residue-treated soils. The sources of 
acidity in soils include HgCO^ formed from high CO^ concentra­
tions in the soil atmosphere produced from plant roots and 
microbial respiration, acidity produced in mineralization 
of organic N and S, N fixation by leguminous plants, NH^-con-
taining fertilizers, nitrification of NH^ and NH^-producing 
fertilizers, organic acids produced from crop residue and 
litter decomposition, and addition by wet and dry atmospheric 
deposition, especially near point sources (Tabatabai, 1985). 
Recent review of the effect of acidity on soil biochemi­
cal properties shows that nitrification, denitrification, 
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and glucose mineralization are affected by soil pH (Tabatabai, 
1985). Information on the effect of pH on the relative de­
gree of nutrient release (mineralization) and nutrient tie-up 
(immobilization) in soils treated with various crop residues 
is needed because crop-residue management influences the 
availability of fertilizer N. In general, incorporation of 
residue low in N would lead to N immobilization. When the 
conditions are suitable, the immobilized N is mineralized. 
Information on N mineralization in various soil-organic waste 
systems is needed for better prediction of crop N require­
ments (Iritani and Arnold, 1960; Vallis and Jones, 1973; 
Broadbent and Nakashima, 1974; El-Haris et al., 1983; Chae and 
Tabatabai, 1986). Thus, this study was undertaken to assess 
the mineralization of N in crop-residue-treated soils as 
affected by pH. An additional objective was to evaluate the 
effect of soil type and pH on mineralization of N in plant 
materials. 
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DESCRIPTION OF METHODS 
The three surface (0-15 cm) soils (Table 3) used were 
from Iowa and selected to include a range of chemical and 
physical properties. Other properties of the soils used are 
reported in Table 1. Samples of field-moist soils were 
brought to the laboratory, passed through a 6-mm screen, and 
divided into two portions. One portion was air-dried at room 
temperature for 48 h and stored in a sealed bottle. A sub-
sample of the air-dried portion was ground to pass an 80-
mesh sieve (180 |im) for determination of the chemical proper­
ties. The second portion was placed in a polyethylene bag 
and stored in a refrigerator at 4°C, and a subsample of this 
portion was subdivided into three parts, and the pH was ad­
justed to 4, 6, or 8 with dilute HgSO^ or KOH. The amount 
of HgSO^ or KOH required was previously determined by titrat­
ing 10 g of soil and 25 mL of water. Expressed in cmol(H^) 
kg ^ of soil, the amounts of H^ added to obtain pH 4 soils 
were 2.4, 7.4, and 4.8 for Luther, Lester, and Nicollet soils, 
respectively. The corresponding amounts of 0H~ needed to 
obtain pH 8 soils were 4.8, 3.8, and 7.3 cmol(0H~) kg~^ of 
soil. Sufficient KgSO^ was added to the soils adjusted to 
2_ pH 6 and 8 to make the SO^ -S concentration similar to that 
of pH 4 soil samples. 
Three crop residues (corn, soybean, and sorghum) and 
Table 3. Properties of soils used 
Soil Total Inorq. N 
Series Subgroup pH C N NH^ NO^ Clay Sand Water 
, -1 —1 , -1 
—g kg — -mg Kg - g kg 
Luther Aerie Ochraqualf 6.4 13 1.02 6 7 173 332 173 
Lester Mollic Hapludoll 6.6 34 2.53 5 10 158 329 282 
Nicollet Aquic Hapludoll 6.4 37 2.82 8 9 206 401 277 
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alfalfa were used. The properties of the crop residues are 
reported in Table 2. 
In the incubation experiment reported, a 20-g sample (on 
an oven-dry basis) of a field-moist soil and 0.448 g of crop 
residue (equivalent to 50 Mg ha~^) were mixed thoroughly. 
The crop-residue-treated soil was then thoroughly mixed with 
20 g of silica sand adjusted to the pH of the soil. The soil-
sand mixture was transferred into a leaching tube (3.5 cm 
diam and 15 cm length) and was retained by means of a glass 
wool pad and a layer of silica sand. A thin (ca. 5 mm) glass 
wool pad was placed over the soil-sand mixture to avoid 
displacement of the soil when solution was poured over the 
mixture. The control was a soil-sand mixture without crop 
residue. All treatments were in duplicate. The leaching tube 
was placed on a suction flask and was leached with 100 mL of 
5 mM CaClg, with the same pH as that of the treated soil, in 
four or five increments to remove the mineral N. The pH of 
the CaClg solution used was adjusted with HgSO^ or KOH. Suf­
ficient KgSO^ was added to the pH 6 and 8 solutions to make 
2 _ the SO^ -S concentration similar to that of pH 4 soil samples. 
A suction of 6 kPa (60 cm Hg) was applied to remove the excess 
water, and the tube was covered with a piece of plastic Saran 
Wrap with a single hole (0.5 cm diam) for aeration, and 
placed in an upright position in a 30°C incubator (Chae and 
Tabatabai, 1986; Stanford and Smith, 1972; Tabatabai and 
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Al-Khafaji, 1980). 
After 2 weeks, the leaching tube was placed on a 250-mL 
suction flask, and soil pH was measured by a Sensorex flat-
surface electrode (Sensorex, Stanton, California) to a depth 
of 2 cm below the soil surface. The soil-sand mixture was 
again leached with 100 mL of 5 mM CaClg solution adjusted to 
the appropriate pH. Suction was again applied, and the tube 
was incubated at 30°C. The leaching procedure was repeated 
every 2 weeks for 20 weeks. After 20 weeks, half of the soil-
sand mixture was removed from each tube, and the pH of the 
exposed soil surface was measured. 
The leachate thus obtained was analyzed for NO^-N by ion 
chromatography (Dick and Tabatabai, 1979), for NO~-N by 
colorimetric method (Barnes and Folkard, 1951), and for 
NH^-N by steam distillation method (Keeney and Nelson, 1982). 
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RESULTS AND DISCUSSION 
The pH 4 and 8 adjusted soils at 2 cm below the surface 
changed to pH 5 + 0.3 and 7 ± 0.3, respectively, after 4 weeks 
of incubation and remained at that pH through the 20 weeks 
of incubation. While the pH 6 soil remained at pH 6, the pH 
values obtained at the midsection of the soil tubes after 20 
weeks were similar to those of the surface. However, I will 
use 4, 6, and 8 pH values to describe the soils throughout the 
discussion. 
Depending on soil treatments and the nature of the or­
ganic N, the manner in which N is mineralized during incuba­
tion follows one of four patterns; (1) immobilization of N 
during the initial period of incubation (Hague and Walmsley, 
1972; Chae and Tabatabai, 1986); (2) a rate of release that 
decreases with time; (3) a steady, linear release with time 
over the entire incubation period (Tabatabai and Al-Khafaji, 
1980); or (4) a rapid release of NO^ during the first few 
days, followed by a slower, linear release (Feigin et al., 
1974; Stanford and Smith, 1972). The patterns and amount of 
N mineralized from crop-residue-treated soils varied consider­
ably, depending on the soil pH, type of soil used, and crop 
residue incorporated. 
Figures 1-3 show the effect of pH on cumulative amounts 
and patterns of N mineralization in crop-residue-treated and 
untreated Luther, Lester, and Nicollet soils in relation to 
Figure 1. Effect of pH on cumulative amounts of N mineralized in crop-residue-
treated Luther soil in relation to incubation time 
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Figure 2. Effect of pH on cumulative amounts of N mineralized in crop-residue-
treated Lester soil in relation to incubation time 
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Figure 3. Effect of pH on cumulative amounts of N mineralized in crop-residue-
treated Nicollet soil in relation to incubation time 
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incubation time, respectively. With the exception of N 
mineralization in alfalfa-treated soils, the other crop 
residues studied showed an initial N immobilization, which 
was indicative of a lag period followed by a rapid increase 
in rate. With corn and soybean residues, the N immobiliza­
tion continued through the entire incubation period (Figures 
1-3, pH 4). This lag period in N mineralization decreased 
as the soil pH increased, and in general, for soils treated 
with crop residues, N mineralization increased as the soil pH 
increased (Figures 1-3). The extent of the lag period was 
dependent on the system's properties; e.g., type of soil, pH, 
and crop residues used. The lag extent increased as the C/N 
ratio of the crop residue increased and decreased as the soil 
pH values increased. Nitrogen mineralization was the least 
in corn-residue-treated Luther soil at pH 4, whereas it was 
the greatest in the alfalfa-treated Nicollet soil at pH 8. 
Most of the mineral N produced under neutral or slightly 
alkaline conditions was in the form of N0~, indicating that 
nitrification is considerably enhanced at high pH values. 
Throughout the 20 weeks, no significant amount of NO^-N was 
found in any of the soils at any pH. Ammonium-N was detected 
only at pH 4. This is in agreement with the studies of 
Cornfield (1952, 1953) and White (1959). The amount of NH^-N 
accumulated also depends on the soils used. Among the three 
soils studied, significant amounts of NH^-N were found in 
Lester soils at pH 4 (Figure 4); NH^-N was accumulated at 
the first 12 weeks of incubation. 
The total amounts of N mineralized in crop-residue-
treated soils and in three untreated soils at three soil pH 
conditions after 20 weeks of incubation are summarized in 
Table 4. With a few exceptions, the N mineralized in 
crop-residue-treated soil was: pH 8 > pH 6 > pH 4. The 
total N mineralized for untreated soils ranged from 74.9 mg 
N kg~^ in Luther soils at pH 6 to 205.4 mg N kg~^ in 
Nicollet soils at pH 8; for corn-residue-treated soils, it 
ranged from 6.2 mg N kg~^ in Luther soil at pH 4 to 175.8 mg N 
kg~^ in Nicollet soil at pH 8; for soybean-residue-treated 
soils, it ranged from 69.2 mg N kg~^ in Luther soil at pH 4 to 
232.7 mg N kg ^ in Nicollet soil at pH 8; for sorghum-residue-
treated soils, it ranged from 174.5 mg N kg~^ in Luther soil 
at pH 4 to 335.9 mg N kg~^ in Nicollet soil at pH 6; and for 
alfalfa-treated soils, it ranged from 183 mg N kg~^ in Luther 
soil at pH 4 to 366.5 mg N kg~^ in Nicollet soil at pH 8. 
Expressed as a percentage of N mineralized in untreated soils 
at pH 4, the amounts of N mineralized in crop-residue-treated 
soils in 20 weeks ranged from 8.2% for corn-residue-treated 
Luther soils to 241% for alfalfa-treated Luther soil (Table 
4j. The corresponding values at pH 6 ranged from 44.7% for 
corn-residue-treated Lester soil to 304% for sorghum-treated 
Luther soil. At pH 8, the values ranged from 63.6% for corn-
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Figure 4. Cumulative amounts of NH^-N and NO^-N produced in crop-residue-treated 
Lester soil at pH 4 in relation to incubation time 
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Table 4. Total amount of N mineralized after 20 weeks of in­
cubation at 30°C 
Soil 
pH 
Crop 
residue 
N mineralized in soil specified^ 
Luther Lester Nicollet 
4 None 75 .8 188.9 158.8 
Corn 6 .2(8.2) 54.4(28.8) 93.0(58.6) 
Soybean 69 .2(91.3) 130.9(69.3) 147.0(92.6) 
Sorghum 174 .5(230) 224.0(119) 264.4(166) 
Alfalfa 183 .0(241) 308.7(163) 280.0(176) 
6 None 74 .9 148.9 167.5 
Corn 39 .1(52.2) 66.5(44.7) 141.9(84.7) 
Soybean 104 .8(140) 178.0(120) 211.0(126) 
Sorghum 227 .9(304) 290.3(195) 335.9(201) 
Alfalfa 226 .7(303) 304.4(204) 333.8(199) 
8 None 93 .9 161.1 205.4 
Corn 59 .7(63.6) 137.5(85.4) 175.8(85.6) 
Soybean 126 .4(135) 211.7(131) 232.7(113) 
Sorghum 239 .7(255) 321.9(200) 332.6(162) 
Alfalfa 281 .0(299) 344.1(214) 366.5(178) 
Figure in parentheses is the amount of N mineralized in 
crop-residue-treated soils expressed as a percentage of that 
mineralized in untreated soil. 
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residue-treated Luther soil to 299% for alfalfa-treated 
Luther soil. Generally, for untreated soils, except at pH 4, 
the order of N mineralized was Nicollet > Lester > Luther, 
which is in the same order as that of organic N present in 
these soils (Table 3). 
Table 5 shows the effect of soil, pH, and treatment on 
net mineralization and net immobilization of organic N. Ex­
pressed as a percentage of organic N added to soils, the 
amounts of organic N mineralized increased as pH was increased. 
For alfalfa-treated soils, the percentage of N mineralized 
ranged from 17.2% for Luther soil at pH 4 to 30.1% for Luther 
soil at pH 8; for sorghum-treated soils, the values ranged 
from 1.1% for Lester soil at pH A to 37.0% for Nicollet soil 
at pH 6. The percentage of N mineralized in corn-residue-
treated soils ranged from -85.7% for Lester soil at pH 4 to 
-15.2% for Lester soil at pH 8; for soybean-residue-treated 
soils, the values ranged from -21% for Lester soil at pH 4 
to 18.3% for Lester soil at pH 8. 
The results obtained indicate that, in general, the N 
mineralization in crop-residue-treated soils is highly pH de­
pendent. The N mineralization is significantly depressed at 
soil pH 4, with higher values at pH 6 or 8. This can be ex­
plained by microbial activity being less active at low pH 
values so that the N mineralization process is slowed. 
Acidification tends to depress but does not eliminate N 
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Table 5. Percentage of organic N mineralized from crop 
residues added to soils 
Percentage of organic N mineralized 
from crop residue specified^ 
Soil pH Corn Soybean Sorghum Alfalfa 
Luther 4 -44.8 -2.4 21.7 17.2 
6 -23.1 10.8 33.6 24.4 
8 -22.0 11.8 32.0 30.1 
Lester 4 -86.7 -21.0 7.7 19.3 
6 -53.1 10.5 31.1 25.0 
8 -15.2 18.3 35.3 29.4 
Nicollet 4 -42.4 -4.3 23.2 19.5 
6 -16.5 15.8 37.0 26.8 
8 -19.1 9.9 27.9 25.9 
[(Total N mineralized in crop-residue-treated soil -
total N mineralized in untreated soil)/Organic N added in 
crop residue] x 100. Values with - indicate immobilization, 
other values indicate mineralization. 
mineralization and nitrification. When soil pH increased, a 
rapid release of mineral N was noted. Nitrogen mineralization 
in crop-residue-treated soil is highly dependent on the com­
position of the crop residue, soil pH, and the chemical and 
physical makeup o°f the soil. 
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PART II. EFFECT OF pH AND TRACE ELEMENTS ON 
NITRATE REDUCTION IN SOILS 
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INTRODUCTION 
Recently, Abdelmagid and Tabatabai (1987) showed that 
soils contain nitrate reductase activity and developed a 
method for its assay. Nitrate reductase is an important 
enzyme in the process of denitrification. Denitrification 
proceeds according to the reaction; 
^1 ^2 
nog > no2 5- ngo ng 
where is nitrate reductase, which catalyzes the reduction 
of NOg to no"; Eg is nitrite reductase, which catalyzes the 
reduction of NOg to NgO; and Eg is nitrous oxide reductase, 
which catalyzes the reduction of NgO to N^ (Knowles, 1982). 
The rate-limiting process for denitrification in acid soils 
is the reduction of NO^, whereas in alkaline soils, it is the 
reduction of N0~. 
Although substantial information is available about 
denitrification in soils, little information is available 
about the effect of trace elements, including heavy metals, 
on the reduction of nitrate in soils. The term "trace 
element" is used here to refer to elements that are, when 
present in sufficient concentration, toxic to living systems. 
Soil pollution by heavy metals and other trace elements is 
one of the major environmental problems associated with some 
industries. Use of Ag, As, B, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, 
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Ni, Pb, Se, Sn, V, and Zn, and their compounds have been 
summarized by Page (1974). Also, several of these elements 
are added to soils as fertilizers, as impurities in fer­
tilizers, or as components of municipal and industrial 
wastes (Allaway, 1971; Berrow and Webber, 1972; Lagerwerff, 
1972; Tabatabai and Frankenberger, 1979). In addition, some 
of these elements (e.g., Pb, V) are present in fuel oils and 
gasoline, emitted into the atmosphere upon burning and de­
posited on soils, especially near urban areas (Lagerwerff, 
1972; Tyler, 1974). 
Research dealing with the chemistry of trace elements 
in soils and the toxicity of the various elements to bio­
logical systems, including accumulation in plants and inhibi­
tion of N mineralization and nitrification in soils, is exten­
sive (Chaney, 1973; Kubota and Allaway, 1972; Lagerwerff, 
1972; Liang and Tabatabai, 1977, 1978), but little is known 
about the relative effects of trace elements on denitrifica-
tion, especially on nitrate reductase activity in soils. 
Addition of trace elements to soils may affect microbial 
proliferation and enzymatic activities, possibly leading to 
a decrease in the rates of the biochemical processes in the 
soil environment. Nitrate reductase in soils is derived from 
microbial sources, and it is one of the main enzymes involved 
in denitrification. Review of the literature revealed little 
information about the relative effectiveness of trace elements 
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on the inhibition of nitrate reductase activity in soils. 
Therefore, this study was conducted to evaluate the effect 
of equimolar concentrations of trace elements on the activity 
of this soil enzyme. 
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DESCRIPTION OF METHODS 
The soils used (Table 6) were 0- to 15-cm samples se­
lected to include a range of pH, organic C, total N, and 
texture. Before use, each soil sample was air-dried and 
crushed to pass through a 2-mm sieve. The analyses reported 
were performed as previously described in the Materials and 
Methods section. Other properties of these soils are re­
ported in Table 1. Nitrate reductase activity was assayed by 
the method of Abdelmagid and Tabatabai (1987). 
The trace elements used were Fisher certified reagent-
grade chemicals (Fisher Scientific Co:, Itasca, IL). Of 
these, Ag(I), Cu(II), Fe(II), Zn(II), and V(IV) were added 
as the sulphate; Ba(II), Cd(ll), Co(II), Cu(I), Mn(II), Ni(II), 
Hg(II), Pb(II), Cr(III), Al(III), and Fe(III) as the chloride; 
As(III), B(III), Se(IV), As(V), Mo(VI), Se(VI), and W(VI) as 
NaAsOg, NagB^O^.lOHgO, NagSeOg, NagHAsO^-THgO, Na2MoO^•2H2O, 
NagSeO^, and NagWO^ZHgO, respectively. 
The effects of trace elements on nitrate reductase activi­
ty in soils were studied by comparing the amount of NO^ pro­
duced in soils treated with trace elements with that in un­
treated soils. In this work, a 5-g soil sample in a 250-mL 
French square bottle was first treated with 2 mL of absolute 
ethanol containing the appropriate amount of 2,4-dinitrophenol 
(DNP) to inhibit the nitrite reductase activity. The concen­
tration of DNP required for optimum inhibition in each soil 
Table 5. Properties of soils used 
Series 
Soil 
Subgroup pH Organic C Total N Clay Sand 
Nitrate 
reductase 
activity^ 
-g kg ^ soil-
Chelsea Alfic Udipsamment 7.2 6.4 0.57 40 930 12.3 
Ames Typic Albaqualf 6.7 29.9 2.23 100 570 84.7 
Canisteo Typic Haplaquoll 7.8 46.6 4.64 320 230 105.0 
Okoboj i Cumulic Haplaquoll 7.1 55.9 5.23 360 150 89.2 
^(ig NOg-N produced g ^ soil 24 h ^. 
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was determined in experiments reported by Àbdelmagid and 
Tabatabai (1987). The DNP solution was added dropwise to 
completely cover the soil sample. The sample was then sub­
jected to evaporation of the alcohol under a stream of air 
(fan) for 3 h and treated with 5 mL solution containing 
either 12.5 ^ mol or 125 (imol of trace element, 4 mL of 0.25 M 
Tris(hydroxymethyl)aminomethane(THAM)-0.25 M NaOAc buffer 
(pH 7) to control the pH of the soil and trace-element mixture, 
and 1 mL 50 mM KNOg (700 (ig NO~-N). The bottle was swirled 
for a few seconds to mix the contents, stoppered, and incubated 
under anaerobic conditions at 25°C for 24 h. 
After incubation, 40 mL of 2.5 M KCl was added, and the 
mixture was shaken for 30 min, then filtered by using a No. 42 
Whatman filter paper. The resulting filtrate was analyzed 
for NOg-N by steam distillation (Keeney and Nelson, 1982), 
and NOg-N by the colorimetric method of Griess-Illosvary, 
as modified by Barnes and Folkard (1951). The Eh^ values 
before and after incubation for 24 h of the soil-buffer and 
nitrate mixture were determined as described by Pulford and 
Tabatabai (1988). 
All treatments were done in duplicate. Controls 
were run by substituting the 5 mL trace-element solution 
with 5 mL of deionized water. Percentage inhibition of 
nitrate reductase activity by the trace element was 
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calculated from (1-B/A) 100, where A is nitrate reductase 
activity of untreated soil, and B is nitrate reductase 
activity of soil treated with trace elements. 
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RESULTS AND DISCUSSION 
The inhibition of nitrite reductase activity in soils 
by DNP was evaluated in this study. The results showed that 
the NOg recovery from soils after 24 h was greater in the 
presence (70-90%) than in the absence (1-55%) of DNP. This 
confirmed those reported by Abdelmagid and Tabatabai (1987) 
that DNP inhibits the nitrite reductase effectively. 
The pH values of the trace-element solutions varied con­
siderably. They ranged from 2.05 for FeClg-SHgO solution to 
10.29 for the NaASOg solution. However, with the use of Tris-
NaOAC buffer, I was able to study the effects of trace ele­
ments at a fixed pH value. Tests showed that the pH values 
of the soil and trace-element mixtures in the presence of the 
buffer used, pH = 7.0, did not exceed ± 0.2 pH unit. To find 
the optimum buffer pH value for the nitrate reductase activity, 
I studied the amount of NO^ produced as a function of buffer 
pH, ranging from pH 4 to 9. Figure 5 shows the result of such 
a study with four soils; Ames, Canisteo, Chelsea, and 
Okoboj i, treated with 140 p,g NO^-N (9 mL of buffer at pH 
specified and 1 mL solution containing 700 iig N0~-N as KNO^) 
g~^ of soil previously amended with DNP as nitrite reductase 
inhibitor. It is evident that, even though the amount of 
NOg-N produced varied markedly among the soils used, the 
optimum pH for NO^ accumulation or nitrate reductase activity 
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was pH 7 for all four soils. Therefore, Tris-NaOAc buffer, 
pH 7, was used in this work. The chemical stability of NO^ 
and NOg in this pH 7 buffer was also evaluated by incubating 
9 mL of the buffer described at pH values ranging from 4 to 9 
treated with 1 mL solution containing 700 ng N as NO^ or N0~ 
and incubated for 24 h at 25°C. Results showed recovery 
values >90%, except for NO^ at the buffer pH 4, which was 50%. 
This presumably is due to chemical decomposition of nitrous 
acid at this low pH value. Other tests showed that the pH 
of the buffer-soil mixture remained unchanged after incuba­
tion at 25°C for 24 h. 
Tests showed that treatment of the soils with DNP as 
described decreased the redox potential values (Eh^) before 
and after incubation of the soil-buffer, pH 7, and nitrate 
mixtures at 25°C for 24 h and that these values were lower 
after than those before incubation (Table 7). Although the 
Eh^ values of the incubated soils were much lower than those 
required to stabilize NO^ in submerged soils (Ponnamperuma, 
1972), NOg accumulated under the conditions described. 
Nitrite is known to be even less stable under low Eh^ values, 
and its accumulation in this study seems to be due to the 
inhibition of nitrite reductase by DNP and the pH of the 
buffer employed. Nitrite accumulates only in small amounts 
in normal waterlogged soils when treated with NO^. Work by 
Van Cleemput and Patrick (1974) showed that N0~ reduction 
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Table 7. Effect of DNP and incubation time on redox poten­
tial (Eh?) values of soil-buffer (pH 7) and nitrate 
mixtures 
Redox potential (Eh^,mV) of soil specified^ 
Incubation Chelsea Ames Canisteo Okoboj i 
time (h) -DNP +DNP -DNP +DNP -DNP +DNP -DNP +DNP 
0 382 366 399 351 375 359 375 359 
24 265 230 307 241 228 219 243 222 
A soil sample (5 g) was treated with DNP (control = 
-DNP), 9 mL of buffer, pH 7, and 1 mL of 50 mM KNO3. Redox 
potential (Eh?) was determined as described by Pulford and 
Tabatabai (1988) . 
increased almost linearly with decreasing Eh and that N0~ re­
duction increased with decreasing pH as well as with decreas­
ing Eh. The results support their conclusion that the pH 
overshadows the Eh value in controlling N0~ reduction. 
Table 8 shows the percentage inhibition of 19 trace ele­
ments on the nitrate reductase activity in three soils: Ames, 
Canisteo, and Okoboji, respectively. The relative effective­
ness of the trace elements in inhibition varied considerably, 
depending on the soil used and type and concentration of the 
trace element applied. Regardless of the difference in soils, 
however, the trace elements Ag(l), Cd(II), Hg(II), Se(IV), 
As(V), and W(VI) were the most effective inhibitors of ni­
trate reductase activity in all three soils, with inhibition 
of >75%; Mn(II) was the least effective inhibitor, with 
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Table 8. Effect of trace elements on nitrate reductase 
activity in soils® 
Trace element Percentage inhibition of nitrate 
« reductase activity in soil specified Oxidation ' 
Element state Ames Canisteo OKoboji 
Ag I 99 100 97 99) 
Cu 51 0 52 91) 
Ba II 0 0 -37 0) 
Cd 98 86 79 100) 
Co 78 0 26 100) 
Cu 90 0 21 100) 
Fe 46 0 0 100) 
Hg 100 100 99 100) 
Mn 8 0 0 15) 
Ni 63 0 15 99) 
Pb 53 0 27 97) 
Zn 60 0 32 99) 
A1 III 68 0 11 100) 
As 96 52 50 100) 
B 33 0 -29 0) 
Cr 51 0 38 100) 
Fe 55 0 38 100) 
Se IV 95 89 88 100) 
V 73 0 17 100) 
As V 100 84 77 100) 
Mo VI 20 0 26 70) 
Se 59 40 78 90) 
W 89 89 91 100) 
2.5 lamol trace element g~ soil. Figures in paren­
theses indicate percentage inhibition of nitrate reductase 
using 25 M-mol trace element g~^ soil. 
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inhibition of <10%. Bariuin(II) either did not inhibit or en­
hanced the nitrate reductase activity. When the inhibition 
of nitrate reductase by trace elements was compared at 
2.5 lamol g~^ soil, with the exception of the elements just 
mentioned, the degree of inhibition of other trace elements 
in Ames and Okoboji soils was generally higher than that in 
the calcareous Canisteo soil in which little or no inhibition 
by these elements was found. Some of the trace elements 
added to this calcareous soil may have formed complexes with 
the carbonate present in the soil and, therefore, were not 
available for reaction with the enzyme active sites. It is 
known that metal ions may inhibit enzyme reactions by com-
plexing the substrate, by reacting with the protein-active 
groups of enzymes or by reacting with the enzyme-substrate 
complex. Different metal ions exhibit quite different 
behaviors in ability to act as enzyme inhibitors. 
Other trace elements that inhibited the nitrate re­
ductase activity included Cu(I), Co(II), Cu(II), Fe(II), 
Ni(II), Pb(ll), Zn(II), Al(III), As(III), Cr(lII), Fe(III), 
V(IV), Mo(VI), and Se(VI). Their degree of effectiveness 
varied among the three soils studied. For example, B(III) 
enhanced the nitrate reductase activity in the neutral 
Okoboji soil, had no effect in the calcareous Canisteo soil, 
and showed inhibition in the acid Ames soil. For the same 
element, the oxidation state of the element also affected 
the percentage inhibition of nitrate reductase activity. 
Generally, the order of inhibition was As(V) > As(III), 
Fe(III) > Fe(II), and Se(IV) > Se(VI). These results sup­
port the finding of Bollag and Barabasz (1979) that denitri-
fication of native (nonautoclaved) soil was inhibited by the 
addition of increasing amounts of heavy metals (Cd, Cu, Pb, 
and Zn). This was indicated by an accumulation of NO^ and 
NgO that appeared to a lesser degree and for a shorter time 
period in nontreated samples. 
There was a marked increase in the effectiveness of 
these elements in inhibition of nitrate reductase activity 
when the concentration of the element was increased from 
2.5 iimol g~^ to 25 jamol g~^ (Table 8). Both Ba(II) and 
B(III) showed no activation of nitrate reductase at 25 u,mol 
trace element g~^ soil. Manganese(II) showed low inhibition 
(15%), whereas other elements markedly increased the percent­
age inhibition, and most of the elements completely inacti­
vated this enzyme in soil. The results suggest that accumu­
lation of trace elements in soils could lead to significant 
reduction in nitrate reductase activity and, therefore, in 
denitrification. 
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PART III. DETERMINATION OF ORGANIC ACIDS IN SOILS BY 
HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 
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INTRODUCTION 
Many low-molecular-weight organic acids are produced in 
soils as a consequence of microbial activities. They are 
normal constituents of most agricultural soils. These 
organic acids, as the intermediate products of plant and 
microbial metabolism, may be released into the soil during 
the decomposition processes due to the oxidative degradation 
of organic matter or as plant-root exudates. Even though 
the concentration of organic acids in soil solution is 
normally low and variable, in localized zones such as near 
the biologically active sites of decomposing plant and ani­
mal residues, soil humic substances and rhizosphere or 
microbial activity, rather high concentrations of low-
molecular-weight organic acids may be attained, especially 
under waterlogged conditions (Stevenson, 1967; Tan, 1986). 
Although the water-soluble portion of organic acids may 
have a transient existence in soils, they are known to have 
profound effects on various chemical and biological 
processes in soils. For example, many of the organic sub­
stances produced during the decomposition of plant residues 
and soil organic matter can inhibit the plant growth, e.g., 
the germination and seedling root development (Tang and 
Waiss, 1978; Wallace and Whitehead, 1980; Krogmeier, 1988). 
Included in the phytotoxins produced are some of the short-
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chained aliphatic fatty acids such as acetic, n-butyric, 
and propionic acids, which may reach levels in soils toxic 
to plant growth. Thus, monitoring the production of organic 
acids in soils is very important for studying organic acids-
soil interactions and plant-residue management practices. 
The traditional methods used in analyzing the organic 
acids, such as paper and thin layer chromatography, are time 
consuming and cumbersome. Until the development of new 
specialized polymeric liquid chromatography resins, gas 
chromatography/mass spectrometry was the method of choice 
for accurate, quantitative analysis of organic acids (Buell 
and Girard, 1987). However, since most organic acids are not 
sufficiently volatile, the preparation of suitable derivatives 
is sometimes required. The expense of the equipment is a 
further disadvantage. The high-performance liquid chroma­
tography (HPLC) offers a simple, rapid and highly efficient 
method for simultaneously separating the multicomponent or­
ganic acid sample, and is becoming a widely used technique 
for organic acid analysis in biological samples, e.g., in 
food or dairy products, and wine (Palmer and List, 1973; 
Marsili et al., 1981). 
Thus, the objectives of this study were to assess the 
analytical application of HPLC for the determination of 
organic acids produced in soils treated with crop residues. 
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and to assess the effect of crop residues on the concentra­
tion and forms of organic acids produced in soils under 
aerobic and waterlogged conditions. 
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DESCRIPTION OF METHODS 
Soils 
The soils used (Table 9) were surface (0-15 cm) samples 
obtained from Iowa, Chile, and Costa Rica, selected to in­
clude a wide range of chemical and physical properties. 
Before use, each soil sample was air-dried and crused to 
pass through a 2-mm sieve. The analyses were performed as 
previously reported in the Materials and Methods section. 
Other properties of the soils used are reported in Table 1. 
Crop Residues 
Two crop residues (corn and soybean) and alfalfa were 
used. Sampling, treatment, and the procedures used in the 
analyses of the crop residues are described in the Materials 
and Methods section. The properties of the crop-residue 
samples used are summarized in Table 2. 
HPLC System 
A Beckman Model 344 high-performance liquid chromato-
graph (HPLC) was used. The system (Figure 6) consisted of 
a Beckman Model 421 system controller, a Model 112 solvent 
delivery module, and a Model 210 sample injection valve with 
a 20-m,L loop (Beckman Instruments, Inc., Fullerton, CA) . 
The system was coupled to a Perkin-Elmer LC-25 refractive 
Table 9. Properties of soils used 
Series 
Soil 
Subgroup 
Org. CaCO- Total 
pH C eguiv. N CEC Clay Sand 
Iowa soils 
—g kg ^ soil g kg ^  soil 
Ida Typic Udorthent 7.4 6 87 0.78 15.6 160 70 
Downs Mollic Hapludalf 6.4 10 0 1.06 17.8 240 40 
Luther Aerie Ochraqualf 6.4 13 0 1.02 14.0 170 330 
Tama Typic Argiudoll 5.4 22 0 1.90 18.6 230 50 
Muscatine Aquic Hapludoll 7.6 36 12 2.50 35.0 280 40 
Nicollet Aquic Hapludoll 5.4 37 0 2.82 25.8 210 400 
Harps Typic Calciaquoll 7.9 40 47 3.28 34.8 290 270 
Okoboj i Cumulic Haplaquoll 7.0 43 0 3.90 36.1 260 300 
Chilean soils 
Alhue Xeric Durandept 8.0 14 42 1.31 15.1 180 400 
Osorno Typic Dystrandept 5.3 84 0 7.61 52.4 310 170 
Costa Rica soils 
Diamantes Typic Dystrandept 5.1 25 0 3.00 36.8 210 330 
Catie Fluventic Humitropept 5.1 26 0 2.70 42.0 390 230 
Finca Typic Dystrandept 6.1 42 0 4.40 49.8 230 400 
Sacramento 
^Cation exchange capacity [cmol(NH^) kg ^ soil]. 
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ELUENT 
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Figure 6. Block diagram showing the components of the HPLC 
system 
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index detector (RI) (Perkin-Elmer Corp., Norwalk, CT) with 
a sensitivity of 1 x 10" refractive index units. The re­
corder used was a dual-pen Honeywell Model (Honeywell, Inc., 
Minneapolis, MN), set at 5 mV full scale, chart speed of 0.5 
cm min"^. The analyses were performed isocratically at flow 
rate of 0.6 mL min"^ and at ambient temperature. 
Columns 
The analytical column used was a Bio-Rad Amnex Ion Exclu­
sion HPX-87H (300 x 7.8 mm i.d.) acid specific column (Bio-
Rad Laboratories, Richmond, CA), packed with a strong cation-
exchange resin (H form, 8% crosslinked and 9 (im diam) , sup­
ported by sulfonated divinyl benzenestyrene copolymer. A 
guard column (Bio-Rad Micro-Guard Cation-H, 40 x 4.6 mm i.d.) 
pakced with the same material was also employed to protect 
the analytical column by removing particulates and other 
contaminants from the eluent stream. 
Eluent 
The eluent used was 0.005 M HgSO^. Analytical grade 
organic acids and carbohydrates (Sigma Chemical Co., St. 
Louis, MO) were used as standards. HPLC-grade water was 
purchased from Fisher Scientific Co. (Itasca, IL) for eluent 
preparation. The eluent was degassed before use. 
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Experimental Procedures 
In this study, 5 g of air-dried soil sample and 0.112 g 
of crop residue- (50 Mg ha~^) were mixed in a 50-mL centrifuge 
tube, treated with 10 mL of deionized water, and incubated 
at 25°C for 72 h. Aerobic incubation was included for com­
parison by adding only 2 mL of deionized water (ca. 50% of 
water-holding capacity). After incubation, the suspension was 
centrifuged for 10 min at 12070 g and passed through a 
0.45-^m membrane filter. For aerobic treatment, 8 mL addi­
tional water was added before centrifugation. The effects 
of temperature (10-40°C), time of incubation (0-14 days), 
and the rate of crop residue incorporation (0.112 g vs 0.25 
g/5 g soil) on the formation of organic acids were also 
studied. The incubation and the extraction procedure were 
as described above. All treatments were performed in dupli­
cates. Controls were included without crop residue treatment. 
To separate the organic acids from carbohydrates in the 
sample filtrate, the sample was passed through a column packed 
with a special resin to remove the carbohydrates as recom­
mended by Bio-Rad Corporation (Bio-Rad Price List, 1986). 
Macroreticular Amberlite IRA-93 anion-exchange resin (poly­
styrene polyamine functionality, free base form, wet mesh 
16-50, total exchange capacity of 1.2 meq mL~^) from Sigma 
Chemical Co. was packed into a burette (120 x 6 mm i.d.). 
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Before use, the column was washed with 100 mL 2 M NaOH and 
several times with water. Sample filtrate was then passed 
through the column slowly. It is known that sugars are very 
weak electrolytes and have little or no tendency to react 
ionically with the ion exchangers (Calmon and Kressman, 1957). 
The organic acids in the sample, however, will be adsorbed on 
to the anion-exchange resin and the effuent contains nonionic 
carbohydrates (Calmon and Kressman, 1957). The organic acids 
on the resin were later eluted with 10 mL 0.5 M HgSO^. Before 
elution, the column was washed with 30 mL deionized water. 
The column was then regenerated with 100 mL 2 M NaOH for 
further use (Dorfner, 1972). The leachate was subsequently 
injected into the HPLC system for organic acids determination. 
This procedure allowed identification of the organic acid 
peaks from the carbohydrate peaks. 
For the separation of standard organic acids mixture, 
some chromatographic parameters were calculated to reflect 
the performance of the instrument. The parameters calculated 
included: (1) the capacity factor (k'), k' = (tQ-t^)/t^, 
where t^ = retention time of the acid peak; t^ = retention 
time of the unretained component (water dip); (2) the separa­
tion factor (a), a = k^/kj^, where subscript 2 refers to the 
later-eluting peak and 1 to the earlier-eluting peak of the 
pair; (3) the theoretical plates (N or N'), N = 5.545(t„/wi )^, 
K -5 
where w^ indicates the half-peak width; N' = N (k'/(l+k')); 
86 
(4) plate height (II), H = L/N, where L is the column length; 
and (5) resolution (R^), = (a-l)/(a+l)N'^/2[k'/&+k')]^, 
where k' = average of kj^ and k^. 
Because the HPLC column employed is highly selective in 
retaining the low-molecular-weight organic acids, the 
identification of the organic acids in the extracts was 
achieved by matching retention times of the sample with those 
of standard compounds as well as by spiking the samples with 
organic acid standards. The quantification was based on the 
comparison of the peak heights of standards with those of 
the samples. 
Further confirmation of the acid peaks was performed on 
a Perkin-Elmer Model 3920B gas chromatograph (GC) equipped 
with a flame-ionization detector and a 3 ram x 6 ft column 
packed with PORAPAK Q, 100-200 mesh (Alltech Associates, 
Inc., IN). A sample (2-4 |iL) of the aqueous extract obtained 
from the soil or the crop-residue-treated soil was injected 
directly into the GC. The GC conditions were; carrier gas, 
Ng; flow rate, 30-40 mL min~^; temperature, 210°C; attenua­
tion, 128; amplifier range, 1. A Fisher series 5000 re­
corder was used to record the chromatograms. 
RESULTS AND DISCUSSION 
Figure 6 shows the various components of the HPLC 
system employed. The system controller is a microprocessor-
based, programmable LC controller with CRT display that 
controls the flow rate and solvent composition. Under its 
control, the pump delivers eluent smoothly at a constant flow 
rate. Sample was injected through the syringe into the eluent 
stream and carried down to the guard column, then to the 
separator column where the organic acids were separated by 
ion exclusion principle. The sulfonate group chemically 
attached to the polymeric solid resin network acts as a semi­
permeable Donnan membrane. The ionic materials are rejected 
by the ion-exchange resin, while the nonionic substances, 
here the organic acids, are partitioned between the sta­
tionary liquid phase within the resin and the mobile liquid 
phase of the resin particles by polar attraction and Van der 
Waal forces (Figure 7). Dilute sulfuric acid was used as 
eluent to suppress the ionization of organic acids. The 
refractive index detector continuously monitors the differ­
ence in RI between the eluent passing through the sample 
cell and that of pure eluent in the reference cell. The 
reference signal is automatically subtracted from sample 
signal and the difference is recorded as a chromatogram. 
Figure 7. Schematic diagram showing cation 
anions (A~) by a cation-exchange 
(M) to enter and leave the resin 
(Fritz, 1987) 
exchange (C and H ), exclusion of 
resin, the ability of neutral molecules 
and the mechanism of separation 
Organic acids separation by Ion Exclusion 
3 Components: 
1. solid resin network 
2. occluded liquid within resin beads 
3. mobile phase 
Mechanisms of separation: 
Due to Donnan exclusion principle, 
the ionic materials are rejected by 
ion exchange resin; 
the nonionic substances partition 
between 2 phases by polar attraction or 
Van der Waals forces. 
00 
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A typical chromatogram of a solution containing a mixture 
of standard organic acids is illustrated in Figure 8. The 
peaks were generally quite sharp and the baseline was stable. 
A good separation was achieved. The dip just before the 
oxalic acid peak is a water dip resulting from the unretained 
sample compounds. Generally, the retention times of the 
organic acids increased with the increase of their pK values. 
The limits of detection ranged from 20 (iM for citric acid to 
170 IJ.M for formic acid. Table 10 provides data on the column 
efficiency and resolution. 
A typical chromatogram of a mixture of organic acids 
containing sugars (glucose and fructose) and one aminosugar 
(glucosamine) is shown in Figure 9. The HPLC column and de­
tector used were able to separate and detect organic acids, 
sugars, and aminosugars. Therefore, to aid in identifica­
tion of the organic acid and sugar peaks, the mixture was 
passed through a column containing macroreticular Amberlite 
IRA-93 anion-exchange resin to remove the organic acids and 
allow identification of the sugar peaks with HPLC. Figure 
10 shows the sugar and aminosugar peaks of the effluent ob­
tained. It is clear that the Amberlite IRA-93 resin removed 
all the organic acids (compare Figures 9 and 10). To further 
confirm that indeed the organic acids were retained by the 
Amberlite resin, I eluted the column with 10 mL of 0.5 M 
HgSO^ and injected the effluent into the HPLC. Figure 11 
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Figure 8. Typical chromatogram of a mixture of standard or­
ganic acids (2.5 mM); HPLC operational conditions: 
separator column, Amnex HPX-87H Ion Exclusion; 
eluent, 0.005 M H2SO4; flow rate, 0.6 mL min~^; 
temperature, ambient; dector: RI 
Table 10. Chromatographic data from organic acid separation of Figure 8^ 
Acid tp, min Wi , min 
-z 
k' a N N' H, mm Ks 
Oxalic 8.1 0.40 0.05 2274 112 0.132 
Citric 9.5 0.40 0.23 4.50 3128 593 0.096 2.74 
Tartaric 10.6 0.40 0.38 1.61 3894 1065 0.077 1.85 
Malic 12.1 0.40 0.58 1.53 5108 1868 0.059 2.58 
Succinic 15.6 0.46 1.03 1.78 6377 3230 0.047 5.31 
Formic 17.8 0.46 1.31 1.28 8303 4711 0.036 3.08 
Acetic 19.4 = 0.50 1.52 1.16 8348 5034 0.036 1.99 
Fumaric 20.7 0.60 1.69 1.11 6600 4145 0.045 1.33 
^t„, retention time; Wj , half peak width; k' , capacity factor, k' = (t_-t-.)/ Av KM 
tj^, where t^ is the retention time of unretained component; a, separation factor, 
^ = k^/k|; N and N', theoretical plates, N = 5.545(t^/w^)^, N' = N [k'/(l+k')]; 
H, plate height, H = L/N, where L is the column length; Rg, resolution, Rg = 
(a-i)/(a+i)N''^/2 [k^/(l+k')]^, where k ' is the average of k^ and k^. 
Figure 9. HPLC chromatogram of 10 standard organic acids/ 
carbohydrates mixture solution (2.5 mM); for 
operational conditions, see caption of Figure 8; 
E = 10% of chart scale 
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Figure 10. HPLC chromatogram of carbohydrates after removing 
organic acids by resin; for operational condi­
tions, see caption of Figure 8; E = 10% of chart 
scale 
Figure 11. HPLC chromatogram of organic acids eluted from 
resin with 0.5 M H2SO4; for operational con­
ditions, see caption of Figure 8; E = 10% of 
chart scale 
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shows the chromatogram obtained, indicating that the or­
ganic acids were retained by the Amberlite resin and eluted 
with the dilute HgSO^ employed. 
Twenty-two standard organic acids and eight standard 
carbohydrates were tested with the HPLC system described. 
Their retention times are shown in Tables 11 and 12. Most of 
the low-molecular-weight aliphatic organic acids eluted within 
30 min. The aromatic acids were retained much longer due to 
the dominant Van der Waal interactions (Buell and Girard, 
1987; Fritz, 1987). 
Application of HPLC for determination of organic acids/ 
carbohydrates in crop-residue-treated Harps soil extracts is 
demonstrated in Figures 12, 13, and 14. The HPLC conditions 
were the same as those shown in Figure 8. The chromatograms 
obtained for the other soils were similar. Harps soil treated 
with corn, soybean, or alfalfa residues was each extracted 
at time zero and after 72 h of incubation at 25°C under 
waterlogged conditions. A and B in each figure indicate 
soil controls without crop-residue treatment at time zero 
and after 72 h, respectively. As we can see, almost no 
organic acids were detected in both times. C is the 
chromatogram of the aqueous extract obtained from crop-
residue-treated Harps soil at time zero, and D is that from 
crop-residue-treated Harps soil after 72 h of incubation. 
Generally, the results showed that extracts at time zero 
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Table 11. Retention times of selected organic acids 
Retention 
Organic acid time (min)^ 
Oxalic 7.5 
cis-Aconitic 8.7 
2-Keto-D-gluconic 9.0 
Citric 9.3 
a-Ketoglutaric 9.5 
Tartaric 9.9 
D-gluconic 10.0 
Pyruvic 10.4 
Oxalacetic 10.6 
D-L Malic 11.3 
Malonic 11.5 
Succinic 14.1 
Glycolic 14.2 
Lactic 14.8 
Formic 16.4 
Acetic 17.9 
Fumaric 18.8 
Propionic 21.1 
n-Butyric 27.0 
Gallic 39.3 
n-Valeric 39.6 
Protocatechuic 70.6 
^For HPLC conditions, see Description of Methods 
section in this part. 
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Table 12. Retention times of selected carbohydrates 
Carbohydrate 
Retention 
time (min)' 
D (+) Maltose 8.5 
D (+) Lactose 8.6 
a-D (+) Glucose 9.9 
D (+) Galactose 10.7 
P-D (-) Fructose 10.9 
a-L (-) Fucose 12.2 
N-Acetyl-D-glucosamine 13.1 
N-Acetyl-D-Galactosamine 15.1 
^For HPLC conditions, 
section.in this part. 
see Description of Methods 
contained mainly glucose and maltose/lactose or other car­
bohydrates. Only trace amounts of organic acids were 
present. The concentration of sugars in the 10 mL extract 
of Harps soil at time zero followed the sequence; for 
glucose, alfalfa-treated (1.56 mM) > corn-residue-treated 
(0.44 mM) > soybean-residue-treated (0.41 mM); for maltose/ 
lactose, corn-residue-treated (0.52 mM) > alfalfa-treated 
(0.35 mM) > soybean-residue-treated (trace). This shows that, 
at time zero, the types and concentration of carbohydrates 
Figure 12. Typical chromatograms of aqueous extracts of 
corn-residue-treated Harps soil incubated 
under waterlogged conditions at 25°C: 
(A) control (soil) at time zero; (B) control 
after 72 h of incubation; (C) corn-residue-
treated soil at time zero; (D) corn-residue-
treated soil after 72 h of incubation; for 
operational conditions, see caption of 
Figure 8; E = 10% of chart scale 
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Figure 13. Typical chromatograms of aqueous extracts of 
soybean-residue-treated Harps soil incubated 
under waterlogged conditions at 25°C: 
(A) control (soil) at time zero; (B) control 
after 72 h of incubation; (C) soybean-residue-
treated soil at time zero; (D) soybean-residue-
treated soil after 72 h of incubation; for opera­
tional conditions, see caption of Figure 8; E = 
10% of chart scale 
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Figure 14. Typical chromatograms of aqueous extracts of 
alfalfa-treated Harps soil incubated under 
waterlogged conditions at 25°C; (A) control 
(soil) at time zero; (B) control after 72 h of 
incubation; (C) alfalfa-treated soil at time 
zero; (D) alfalfa-treated soil after 72 h of 
incubation; for operational conditions, see 
caption of Figure 8; E = 10% of chart scale 
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or organic acids present were affected by the type of crop 
residue added to soils. After 72 h of incubation, most of the 
carbohydrates present at time zero disappeared or decomposed 
and organic acids were produced as a result of anaerobic fer­
mentation. The main organic acids identified were the low-
molecular-weight acids: acetic, propionic, and n-butyric 
acids (Figures 12-14). The identify of the peaks obtained 
was confirmed by GC analysis as shown in Figure 15. 
The concentration of each acid varied with the residue 
treatment. Alfalfa-treated Harps soil produced the highest 
concentration of all three acids, followed by soybean-residue-
treated soil, and the least for corn-residue-treated soil. 
The concentrations of the acids in the Harps soil extracts 
after incubation for 72 h were as follows: for acetic, 
alfalfa (16 mM) > soybean (7 mM) > corn (5 mM); for propionic, 
alfalfa (2 mM) > soybean (0.4 mM) > corn (0.2 mM); for 
n-butyric, alfalfa (1 mM) > soybean (0.2 mM) > corn (0 mM). 
The same soil-crop residue treatments were performed for 
aerobic incubation. However, after 72 h of incubation, no 
organic acids were detected. This finding is in accord with 
that reported by Wallace and Elliott (1979) and the field 
results by Cochran et al. (1977). 
As we know, the decomposition of organic matter in soils 
is strongly influenced by soil redox conditions. Rates of 
degradation fell with decreasing soil redox potential 
Figure 15. Gas chromatographic separation of aqueous ex­
tracts of crop-residue-treated Haprs soil 
incubated under waterlogged conditions at 250C: 
(A) corn-residue-treated soil; (B) soybean-
residue-treated soil; (C) alfalfa-treated soil; 
(D) standard acid mixture; (E) 10% of chart 
scale; for operational conditions, see Descrip­
tion of Methods section 
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(Delaune et al., 1981). Under aerobic conditions, most of 
the added plant material was decomposed and organic C was 
converted directly into COg* Under waterlogged conditions, 
it is favorable for the soluble intermediate products such 
as organic acids to accumulate. 
Illustrated in Tables 13 and 14 are the precision mea­
surements of the experiments and that of the HPLC analyses. 
They were obtained from six replicated treatments analyses and 
from peak height measurements of six repeated injections of 
each sample, respectively. The coefficients of variation for 
treatment analyses of three organic acids (produced in three 
crop-residue-treated soils) ranged from 1.94% to 9.28%. The 
coefficients of variation for HPLC determination ranged from 
0.24% to 7.78%. Thus, the HPLC method was very reproducible. 
To study the effect of type of soils on the formation of 
organic acids under waterlogged conditions, I surveyed five 
more soils from Iowa, two soils from Chile, and two soils 
from Costa Rica. Tables 15 and 16 report the results. The 
acetic acid concentration values ranged from 1.98 mM to 
18.6 mM; propionic acid values ranged from 0 mM to 2.47 mM; 
and n-butyric acid values ranged from 0 mM to 1.34 mM. The 
concentration of each acid produced varied among the soils 
and crop residues studied. Within the same soil, the trend 
for organic acids production from crop residues generally 
followed the sequences; alfalfa > soybean > corn, and 
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Table 13. Precision of the HPLC method for determination of 
organic acids in soil extracts (replicated 
treatments) 
Crop Organic 
Soil residue acid 
Concentration 
Range Mean SD CV 
—mM — — — — — —  
Corn Acetic 4.48-5.13 4.86 0.222 
Propionic 0 0 -
n-Butyric 0.24-0.25 0.24 0.005 
Soybean Acetic 7.13-7.76 7.57 0.212 
Propionic 0.33-0.36 0.35 0.009 
n-Butyric 0,26-0.30 0.29 0.015 
Alfalfa Acetic 11.5-12.3 11.9 0.294 
Propionic 1.63-1.87 1.74 0.084 
n-Butyric 1.17-1.37 1.27 0.062 
Corn Acetic 6.74-7.26 7.00 0.202 
Propionic 0.24-0.25 0.24 0.005 
n-Butyric 0.18-0.21 0.20 0.033 
Soybean Acetic 9.35-10.5 9.76 0.470 
Propionic 0.43-0.58 0.49 0.045 
n-Butyric 0.18-0.23 0.19 0.018 
Alfalfa Acetic 18.6-22.7 20.8 1.363 
Propionic 2.29-2.64 2.50 0.120 
n-Butyric 1.25-1.37 1.30 0.079 
Corn Acetic 4.19-4.65 4.36 0.191 
Propionic 0 0 -
n-Butyric 0.36-0.38 0.37 0.009 
Acetic 5.45-6.11 5.75 0.254 
Propionic 0.24-0.30 0.29 0.022 
n-Butyric 0.24-0.30 0.26 0.023 
Alfalfa Acetic 9.65-10.5 9.97 0.358 
Propionic 1.69-1.87 1.75 0.069 
n-Butyric 1.19-1.30 1.21 0.039 
% 
4.58 
1.94 
2.80 
2.72 
5.08 
2.47 
4.87 
4.91 
2.89 
1.94 
6.45 
4, 
9, 
9. 
6 .  
4. 
6 .  
81 
19 
28 
54 
78 
05 
4.38 
2.57 
4.42 
7.71 
8.99 
3.59 
3.93 
3.25 
Concentration of organic acids in 10 mL of water added 
to the soil-crop residue mixture after incubation for 72 h at 
25°C; range of six replicated extractions and analyses; 
SD, standard deviation. 
^CV/ coefficient of variation. 
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Table 14. Precision of HPLC for determination of organic 
acids in soil extract (replicated injections) 
Crop 
Soil residue 
Organic 
acid 
Concentration' 
Range Mean SD CV 
—m M — — — — 
Corn Acetic 4.97-5.13 5.03 0.056 
Propionic 0 0 -
n-Butyric 0.21-0.24 0.24 0.011 
Soybean Acetic 7.76-8 .06 7.95 0.112 
Propionic 0.35-0.37 0.36 0.007 
n-Butyric 0.33-0.36 0.35 0.015 
Alfalfa Acetic 12.3-12.7 12.6 0.136 
Propionic 1.81-1.93 1.89 0.041 
n-Butyric 1.37-1.43 1.42 0.023 
Corn Acetic 6.77-6.90 6.85 0.038 
Propionic 0.24-0.30 0.27 0.021 
n-Butyric 0.19-0.24 0.22 0.012 
Soybean Acetic 10 .7-10.9 10.6 0.180 
Propionic 0.58-0.54 0.60 0.020 
n-Butyric 0.21-0.24 0.23 0.013 
Alfalfa Acetic 21.6-21.8 21.7 0.052 
Propionic 2.35-2.47 2.42 0.036 
n-Butyric 1.10-1.19 1.14 0.027 
Corn Acetic 3.87-4.11 3.94 0.082 
Propionic 0 0 -
n-Butyric 0.36-0.38 0.36 0.007 
Soybean Acetic 6.10-6.15 6.13 0.016 
Propionic 0.25-0.30 0.27 0.015 
n-Butyric 0.24-0.27 0.25 0.014 
Alfalfa Acetic 10.5-10.6 10.6 0.052 
Propionic 1.69-1.78 1.71 0.034 
n-Butyric 1.25-1.30 1.28 0.018 
% 
1 . 1 1  
4.76 
1.41 
2.09 
4.35 
1.08 
2.18 
1.62 
0.56 
7.78 
5.25 
69 
33 
88 
0.24 
1.49 
2.37 
2 . 0 8  
2.05 
0 . 2 6  
5.38 
5.43 
0.49 
1.97 
1.40 
Concentration of organic acids in 10 mL of water 
added to the soil-crop residue mixture after incubation for 
72 h at 25°C; range of six analyses of the same extract; SD, 
standard deviation. 
^CV, coefficient of variation. 
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Table 15. Production of organic acids in crop-residue-
treated Iowa soils incubated under waterlogged 
conditions 
organic Crop residue^ 
Soil acid Corn Soybean Alfalfa 
mM' 
Iowa soils 
Ida Acetic 7.02 8.75 14.9 
Propionic 0.36 0.54 1.42 
n-Butyric 0.30 0 1.13 
Downs Acetic 5.04 7.30 13.1 
Propionic 0.24 0.33 2.47 
n-Butyric 0.27 0.21 1.34 
Luther Acetic 3.78 5.95 8.65 
Propionic 0 0.28 1.49 
n-Butyric 0.15 0.28 0.90 
Tama Acetic 3.95 5.40 8.59 
Propionic 0 0.27 1.30 
n-Butyric 0.33 0.42 1.04 
Harps Acetic 4.66 6.89 16.5 
Propionic 0 0.43 2.45 
n-Butyric 0 0.20 1.25 
Okoboj i Acetic 5.17 8.39 11.3 
Propionic 0.12 0.45 1.48 
n-Butyric 0.12 0.21 0.74 
^5 g soil + 0.112 g of crop residue + 10 itiL deionized 
water, incubated at 25°C for 72 h. 
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Table 15. Production of organic acids in crop-residue-
treated Chilean and Costa Rica soils incubated 
under waterlogged conditions 
Soil 
Organic 
acid Corn 
Crop residue' 
Soybean Alfalfa 
Chilean soils 
-mM-
Alhue Acetic 
Propionic 
n-Butyric 
7.18 
0.30 
0.27 
8.63 
0.45 
0.36 
18.6 
1.96 
0.83 
Osorno Acetic 
Propionic 
n-Butyric 
2.91 
0 
0 . 6 0  
3.71 
0.30 
0.33 
5.41 
0.24 
0.39 
Costa Rica soils 
Diamantes Acetic 
Propionic 
n-Butyric 
1.98 
0 
0 
2.50 
0 
0 
7.54 
1.08 
0.75 
Finca Acetic 
Sacramento Propionic 
n-Butyric 
2 . 1 0  
0 
0 
2.34 
0 
0 
7.55 
0.69 
0.42 
^5 g soil + 0.112 g of crop residue + 10 mL deionized 
water, incubated at 25°C for 72 h. 
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acetic » propionic > n-butyric acid. In corn-residue-treated 
soils there was a tendency that n-butyric acid produced was 
greater than propionic acid. Among the different soils with 
the same residue, the alkaline soils (Ida, Harps, Alhue) produced 
greater concentration of acetic acid than the slightly acidic 
soils (Tama, Osorno, and two Costa Rica soils). For propionic 
and n-butyric acids, the production was generally low. None 
were detected in two Costa Rica soils treated with soybean or 
corn residue. As shown by Delaune et al. (1981), both redox 
and pH probably govern the soil organic matter decomposition 
by determining the kind, numbers, and activity of micro­
organisms involved in the breakdown processes. Under water­
logged conditions, at alkaline soil pH, the breakdown rate of 
organic matter decreases, leadiijg to the accumulation of the 
intermediate products; whereas, at neutral or slightly acidic 
pH conditions, the rate of decomposition is greater than that 
at alkaline pH. Thus, lower amount of intermediate products 
accumulated. It is worth noting that similar low-molecular-
weight organic acids have been reported to be produced from 
anaerobically decomposing straw of wheat, rice, ryegrass, 
and bluegrass (Lynch, 1977; Tang and Waiss, 1978; Wallace and 
Elliott, 1979). These organic acids were the major toxins 
produced in liquid straw fermentations. They inhibit the 
growth of wheat seedling and root growth at given concentra­
tions. As in this study, acetic acid was the phytotoxin 
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present in the greatest amount. It was shown by Lynch (1977) 
that whereas low concentrations of the acetic acid (<5 mM) 
could stimulate the extension of barley roots at pH 6.5, higher 
concentrations (15 mM) were inhibitory to growth. Wallace 
and Elliott (1979) reported a much lower tolerance of wheat 
seedling to acetic acid. In the presence of 8 mM acetic acid 
less than 25% of control root extension was observed. Even 
though propionic and n-butyric acids are produced in much 
lower concentration as shown by this study, the relative 
toxicity observed by Wallace and Elliott (1979) was much 
higher than that of acetic acid. In the case of wheat and 
barley seedlings, propionic and n-butyric acids were 5 to 6 
and 2 to 3 times, respectively, as toxic as acetic 
acid. As low as 0.26 mM of propionic acid concentration will 
lead to inhibition of wheat root growth and so is n-butyric 
acid (Wallace and Elliott, 1979). Thus, the results in this 
study indicate that the concentration of the acids produced 
at the rate of crop residue applied could result in a toxic 
effect, depending on the soil used. 
The effects of rate of crop residue application, tem­
perature and time of incubation on the production of organic 
acids in selected soils were also studied. Table 17 shows 
the results of the rate study with three Iowa surface soils. 
Higher concentration of organic acids was produced when 
0.25 g of crop residue than when 0.112 g was added to 5 g 
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Table 17. Effect of rate of crop residue application on 
production of organic acids in soils incubated 
under waterlogged conditions 
Soil 
Organic 
acid 
Crop residue' 
Corn Soybean Alfalfa 
Luther Acetic 
Propionic 
n-Butyric 
3.78 
0 
0.15 
(8.15) 
(0.36) 
(2.35) 
5.95 
0.28 
0.28 
(14.6) 
(1.08) 
(1.19) 
8.65 
1.49 
0.90 
(18.0) 
(2.80) 
(3.81) 
Muscatine Acetic 
Propionic 
n-Butyric 
7.34 
0.21 
0.35 
(10.7) 
(0.64) 
(1.83) 
10.5 
0.48 
0.30 
(14.8) 
(1.22) 
(1.10) 
19.0 
2.65 
1.19 
(22.6) 
(3.59) 
(2.99) 
Harps Acetic 
Propionic 
n-Butyric 
4.66 
0 
0 
(11.3) 
(0.77) 
(1.58) 
6.89 
0.43 
0.20 
(15.3) 
(1.57) 
(1.10) 
16.5 
2.45 
1.25 
(23.9) 
(3.33) 
(2.80) 
5 g soil + 0.112 g (or 0.25 g) of crop residue + 10 itiL 
deionized water, incubated at 25°C for 72 h. Figures in 
parentheses indicate results obtained with 0.25 g of crop 
residue. 
soil, especially for propionic and n-butyric acids, in 
corn- and soybean-residue-treated soils. 
The effect of temperature of incubation on production of 
acetic acid in Nicollet, Harps, and Catie surface soils 
treated with alfalfa or corn residues is shown in Figures 
16-18. The results for production of propionic and n-butyric 
acids in the corresponding soils are shown in Figures 19-21 
and Figures 22-24, respectively. In general, the optimum 
temperature for production of organic acids in the alfalfa-
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Figure 16. Effect of temperature on the production of acetic 
acid in crop-residue-treated Nicollet soil in­
cubated for 72 h 
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Figure 17. Effect of temperature on the production of acetic 
acid in crop-residue-treated Harps soil incubated 
for 72 h 
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Figure 18. Effect of temperature on the production of acetic 
acid in crop-residue-treated Catie soil incubated 
for 72 h 
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Figure 19. Effect of temperature on the production of pro­
pionic acid in crop-residue-treated Nicollet 
soil incubated for 72 h 
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Figure 20. Effect of temperature on the production of pro­
pionic acid in crop-residue-treated Harps soil 
incubated for 72 h 
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Figure 21. Effect of temperature on the production of pro­
pionic acid in crop-residue-treated Catie soil 
incubated for 72 h 
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Figure 22. Effect of temperature on the production of n-
butyric acid in crop-residue-treated Nicollet 
soil incubated for 72 h 
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Figure 23. Effect of temperature on the production of n-
butyric acid in crop-residue-treated Harps soil 
incubated for 72 h 
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treated soils was 30°C. The results of the corn-residue-
treated soils, however, did not show optimum concentration. 
The concentration of acetic acid in the corn-residue-treated 
soils increased with temperature from 10 to 40°C (Figures 16-
18). The concentration of propionic acid under the same 
treatment either was zero, as was the case with corn-residue-
treated Catie soil (Figure 21), or only increased when the 
temperature of incubation increased from 30 to 40°C (Figures 
19 and 20). Similar to the results for propionic acid, the 
concentration of n-butyric acid in extracts of the waterlogged 
soils either remained zero, as was the case with corn-residue-
treated Catie soil (Figure 24), or increased only when the 
temperature increased from 30 to 40°C, as was the case with 
Nicollet and Harps soils (Figures 22 and 23). 
The effect of time of incubation on the production of 
acetic acid in crop-residue-treated Luther and Harps soils is 
shown in Figures 25 and 26, respectively. The results of 
propionic and n-butyric acids for the same soils are shown in 
Figures 27 and 28 and Figures 29 and 30, respectively. In 
general, the incubation time required to produce maximum con­
centration of organic acids in crop-residue-treated soils 
varied with the crop residue and soil used. The acetic acid 
concentration of the alfalfa-treated Luther soil increased 
up to 12 days, while that of corn- and soybean-residue-treated 
soil had a maximum around 8 to 10 days. For Harps soil, the 
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Figure 25. Effect of time of incubation at 25°C on the pro­
duction of acetic acid in crop-residue-treated 
Luther soil 
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Figure 26. Effect of time of incubation at 25°C on the pro­
duction of acetic acid in crop-residue-treated 
Harps soil 
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Figure 27. Effect of time of incubation at 25°C on the pro­
duction of propionic acid in crop-residue-treated 
Luther soil 
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Figure 28. Effect of time of incubation at 25°C on the pro­
duction of propionic acid in crop-residue-treated 
Harps soil 
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Figure 29. Effect of time of incubation at 25^C on the pro­
duction of n-butyric acid in crop-residue-treated 
Luther soil 
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Figure 30. Effect of time of incubation at 25°C on the pro­
duction of n-butyric acid in crop-residue-treated 
Harps soil 
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rate of concentration increase was much faster and slope was 
steeper than that for Luther soil. The maximum occurred 
earlier than Luther soil at around 3 to 4 days (Figures 25 
and 26). Similar results were obtained for propionic and 
ri-butyric acids (Figures 27-30). Thus, it appears that the 
soil pH affected the production rate of organic acids under 
waterlogged conditions. Alkaline soil treated with crop 
residues reached the maximum concentration of organic acids 
much faster than that of neutral or slightly acidic soils. 
The decrease in acids concentration after the maximum could 
be a result of changes in substrate level, microbial popula­
tion, or microbial metabolism. 
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PART IV. EFFECT OF ORGANIC ACIDS ON NITROGEN 
MINERALIZATION IN SOILS UNDER 
WATERLOGGED CONDITIONS 
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INTRODUCTION 
Low-raolecular-weight organic acids occur widely in most 
agricultural soils (Stevenson, 1967). They are believed to 
be constantly introduced to soils as the intermediates of 
plant and microbial metabolism, through natural vegetation 
and farming. Some are products of oxidative degradation of 
organic substances. Others may be released into soil as root 
exudates (Flaig, 1971; Tan, 1986). Even though the concen­
tration of these organic acids may be low, there is abundant 
evidence indicating their profound roles in various chemical 
and biological processes in soils. Numerous studies in the 
past have been conducted to elucidate the role of organic 
acids in mineral weathering (Huang and Keller, 1972; Boyle 
et al., 1974; Manley and Evans, 1986; Song and Huang, 1988), 
in inhibiting seedling or root plant development (Takijima, 
1964; Tang and Waiss, 1978; Wallace and Whitehead, 1980; 
Krogmeier, 1988), and in soil genesis as well as in soil 
fertility (Stevenson, 1967; Vance et al., 1986). However, 
to my knowledge, no information is available on the effect of 
organic acids on N mineralization in soils, especially under 
waterlogged conditions. 
Knowledge of N mineralization in soils is important for 
crop production and understanding of its key role in the 
universal N cycle. Over the past few decades, there has been 
considerable information on the study of the effects of 
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various environmental factors on the rate of N mineralization 
in soils, including such factors as temperature, moisture, 
trace elements, and C/N ratio of organic substrates (Corn­
field, 1953, 1959; Liang and Tabatabai, 1977, 1978; Abdel-
magid, 1980; Chae and Tabatabai, 1986). Results reported in 
Part III showed that relatively high concentrations of acetic, 
propionic, and n-butyric acids are produced in crop-residue-
treated soils under waterlogged conditions. Other workers 
have shown that several other organic acids are produced from 
other sources in soils (Stevenson, 1957). It is known that 
organic acids may affect microbial proliferation and en­
zymatic activities in soils. This will probably lead to a 
decrease in the rates of biochemical processes such as N 
mineralization in soils. Therefore, the objective of this 
study was to evaluate the relative effect of equimolar 
concentrations of different organic acids on the N miner­
alization in three Iowa soils under waterlogged conditions. 
A total of 29 organic acids were used. For comparison, the 
results were compared with those obtained with four mineral 
acids. 
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DESCRIPTION OF METHODS 
The soils used in this study (Table 18) were surface 
(0-15 cm) samples selected to provide a wide range in pH, 
organic C, total N, and texture. Of the three soils, 
Chelsea and Ackmore were from corn fields, and Nicollet was 
under bromegrass. Before use, each sample was air-dried and 
crushed to pass a 2-ram screen. The analyses reported in 
Table 18 were performed as previously described in the 
Materials and Methods section. Other properties of these 
soils are reported in Table 1. 
The 29 organic acids used (Table 19) were obtained from 
Sigma Chemical Co., St. Louis, MO. Of these, 19 were ali­
phatic acids and 10 were aromatic acids. Four mineral acids 
(HCl, HNOg, HgSO^, and H^PO^) were also included as control 
acids for comparison. 
To evaluate the effect of organic acids on N mineraliza­
tion under waterlogged conditions, 5 g of soil in a 50-mL 
centrifuge tube was treated with 25 mL of either 1 mM or 10 
mM organic acid solution, mixed, and the pH of the suspen­
sion was measured by a glass electrode. Control was included 
as a soil-water mixture without organic acid treatment. All 
treatments were done in duplicate. The tube containing the 
soil-organic acid mixture was stoppered and incubated at 30°C 
for 10 days. 
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Table 18. Properties of surface soils used 
Soil Org. Total 
series Subgroup PH^ C N Clay Sand 
--g kg'^ soil 
Chelsea Alfic 7.2 6.4 0.57 40 930 
Udipsamment 
Ackmore Aerie 5.8 16 1.38 220 100 
Fluvaquent 
Nicollet Aquic 6.4 37 2.82 210 400 
Hapludoll 
®Soil zwater ratio i
n
 C
NJ 1—
1 
II 
After incubation, the pH of the suspension was measured 
again. Twenty-five mL of 4M KCl was added so that the 
final KCl concentration was 2 M for extraction of the Nnt 
— 4 
produced. The NH^-N in the resulting suspension was deter­
mined by a steam distillation method (Keeney and Nelson, 
1982). The percentage inhibition of N mineralization by each 
organic acid was calculated from (A-B/A)100, where A is the 
NH^-N produced in untreated soil, and B is the NH^-N produced 
in organic acid-treated soil. The results reported are aver­
ages of duplicate determinations expressed on an oven-dry 
basis (105°C for 24 h). 
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Table 19. Physical constants of mineral and organic acids 
used 
Acid Mol. formula Mol. wt pK 
Mineral acid 
Hydrochloric HCl 36.47 
Nitric HNO3 63.02 -
Phosphoric H3PO4 98.00 PKi= 
pK2 = 
pK3= 
2.12 
7.21 
12.67 
Sulfuric H2SO4 
Organic acid 
98.08 pK2 = 1.92 
Aliphatic acid 
Formic HCOOH 46.03 3.75 
Acetic CH3COOH 60.05 4.75 
Propionic CHgCHgCOOH 74.08 4.87 
Glycolic HOCHgCOOH 76.05 3.83 
Pyruvic CH3COCOOH 88.06 2.49 
n-Butyric CHgCHgCHgCOOH 88.12 4.81 
Oxalic HOOCCOOH 90.04 pKi = 
pK2 = 
1.23 
4.19 
Lactic CHgCHfOHjCOOH 90.08 3.08 
n-Valeric CHgfCHgjgCOOH 102.13 4.82 
Malonic CHgfCOOHig 104.16 pKi = 
pK2 = 
2.83 
5.69 
Fumaric trans-HOOCCH=CHCOOH 116.07 pKi = 
PK2 = 
3.03 
4.44 
Maleic cis-HOOHCH=CHCOOH 116.07 pKi = 
pK2 = 
1.83 
6.07 
Succinic HOOCCHgCHgCOOH 118.09 pKi= 
pK2 = 
4.16 
5.61 
Oxalacetic HOOCCOCHgCOOH 132.10 pKi = 2.56 
Malic HOOCCHfOHjCHgCOOH 134.10 PKi = 
pK2 = 
3.40 
5.11 
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Table 19. (Continued) 
Acid Mol. formula Mol. wt pK 
a-Ketoglutaric HOOCCHgCHgCOCOOH 
Tartaric HOOCCH(OH)CH(OH)COOH 
cis-Aconitic 
Citric 
HOOCCHgC(COOH)=CHCOOH 
H0C(CH2C00H)2C00H 
146.10 
150.09 
174.11 
192.14 
pKi= 2.98 
pK2= 4.34 
pKi= 2.80 
pK2= 4.46 
pKi= 3.14 
pK2= 4.77 
pK3= 6.39 
Aromatic acid 
Salicylic 
£-Hydroxybenzoic 
Protocatechuic 
p-Coumaric 
Phthalic 
Vanillic 
Gallic 
Caffeic 
Ferulic 
Syringic 
HOCgH.COOH 138.12 6 4 
HOCgH^COOH 138.13 
(HO)2CgH2COOH 154.10 
HOC-H.CH=CHCOOH 164.17 6 4 
CgH^(C00H)2 166.13 
CHgOCgHgfOHiCOOH 168.16 
(HO)3CgH2COOH 170.10 
(HO)2CgH3CH=CHCOOH 180.17 
H0(CH30)CgH3CH=CHC00H 194.20 
H0(CH30)2CgH2C00H 198.18 
pK]_= 2.98 
pK2=13.40 
pKi= 4.59 
pK2= 9.30 
pKi= 2.89 
pK2= 5.51 
4.41 
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RESULTS AND DISCUSSION' 
In this study, 29 organic acids (Table 19) including 19 
aliphatic acids, and 10 aromatic acids were used to include 
most of the organic acids that have been reported to exist 
in soils under different conditions. The sources of organic 
acids in soils are primarily from plant and microbial metabo­
lisms. They may be released into the soil through plant-root 
exudates or as intermediate products during oxidative decom­
position of plant and animal residues and soil humic sub­
stances. The concentrations of these organic acids in soils 
are generally low, in the range of 10~ to 10" M (Manley 
and Evans, 1986). The amounts of the organic acids in soils 
follow the order; volatile aliphatic acids, nonvolatile 
aliphatic acids, and phenolic acids (Wang et al., 1957). 
Even though the concentration of organic acids is generally 
low, in localized areas where biological activity is intense, 
high concentrations may be attained. Therefore, two concen­
trations of organic acids at 1 mM and 10 mM were used in 
this study. 
The pH values of the organic (or mineral) acids used at 
1 mM and 10 mM are shown in Table 20. In general, the pH 
values of the organic acids solution correlate positively 
with their respective pK values (Table 19). The pH values 
of soil-organic acids mixture at time zero and after 10 days 
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Table 20. pH values of the organic acid solutions used 
Acid 1 inM 10 mM 
None (water control)^ 5.34 5.34 
Mineral acid 
Hydrochloric 3.13 2.21 
Nitric 3.03 2.11 
Phosphoric 3.53 2.69 
Sulfuric 3.08 2.24 
Organic acid 
Aliphatic acid 
Formic 3.48 2.96 
Acetic 3.87 3.38 
Propionic 3.85 3.48 
Glycolic 3.48 3.03 
Pyruvic 3.18 2.49 
n-Butyric 3.88 3.43 
Oxalic 3.15 2.35 
Lactic 3.50 3.02 
n-Valeric 3.85 3.51 
Malonic 3.21 2.62 
Fumaric 3.24 2.68 
Maleic 3.10 2.36 
Succinic 3.63 3.19 
Oxalacetic 3.12 2.47 
Malic 3.35 2.86 
a-Ketoglutaric 3.12 2.45 
Tartaric 3.24 2.72 
cis-Aconitic 3.14 2.43 
Citric 3.26 2.73 
Aromatic acid 
Salicylic 3.26 2.67 
£-Hydroxybenzoic 3.79 3.38 
Protocatechuic 3.77 3.30 
£-Coumaric 3.88 3.31 
Phthalic 3.23 2.65 
Vanillic 3.75 3.33 
Gallic 3.74 3.27 
Caffeic 3.84 3.25 
Ferulic 3.80 3.19 
Syringic 3.49 2.71 
^pH value of the deionized water used. 
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of incubation for all three soils are shown in Tables 21 and 
22, respectively. At time zero, due to the buffering action 
of soils, the pH of the soil-organic acid mixtures increased 
by 1-3 unit(s) compared with those of stock organic acid solu­
tions (Table 20). Among soils, the pH values were similar 
for Ackmore and Nicollet soil-acid mixtures, but the Chelsea 
soil-acid mixtures had the highest pH values, reflecting the 
difference in original soil pH values. Due to the higher 
degree of H ion dissociation of mineral acids, the pH values 
of mineral acid-soil mixtures were generally lower than those 
of organic acid-soil mixtures, with the exception of phos­
phoric acid. 
The dissociation constants for aromatic acids are a 
little lower than those of aliphatic acids, resulting in 
slightly higher pH values for aromatic than aliphatic acid-
soil mixtures. Table 22 shows that after 10 days of incuba­
tion, the pH values increased significantly over those ob­
tained at zero time (Table 21). This may be a result of soil 
reduction due to submergence. As pointed out by Ponnamperuma 
(1972) and Yu (1981, 1985), all the major reduction reactions 
that occur in soil involve the consumption of ions. This 
means a decrease in acidity or an increase in net 0H~ ion 
concentration. Mostly, the organic reducing substances 
formed during the decomposition of organic matter reduce the 
oxides of Fe and Mn, causing the pH to increase. The results 
Table 21. pH values of soil-acid mixtures at time zero 
pH values of soil-acid mixtures at the 
Acid 
1 mM with soil specified 10 mM with soil specified 
Chelsea Ackmore Nicollet Chelsea Ackmore Nicollet 
None^ 7.15 6.16 5.74 7.15 6.16 5.74 
Mineral acid 
Hydrochloric 6.26 5.73 5.20 4.29 4.00 4.05 
Nitric 6.08 5.56 5.30 3.90 3.66 3.85 
Phosphoric 6.66 5.92 5.62 5.21 5.01 4.88 
Sulfuric 6.31 5.65 5.40 4.21 4.00 4.02 
Organic acid 
Aliphatic acid 
Formic 6.18 5.64 5.51 4.94 4.32 4.37 
Acetic 6.22 5.69 5.52 5.18 4.76 4.68 
Propionic 6.32 5.72 5.47 5.35 4.83 4.82 
Glycolic 6.26 5.68 5.47 4.90 4.40 4.54 
Pyruvic 6.29 5.71 5.38 4.50 3.97 3.96 
n-Butyric 6.26 5.67 5.44 5.31 4.81 4.81 
Oxalic 6.22 5.64 5.24 4.26 3.87 4.21 
Lactic 6.23 5.61 5.33 4.94 4.35 4.42 
n-Valeric 6.35 5.74 5.41 5.35 4.85 4.87 
Malonic 6.04 5.54 5.30 4.39 3.92 4.03 
Fumaric 5.87 5.27 5.24 4.20 3.92 3.93 
Maleic 6.18 5.61 5.32 4.00 3.89 4.02 
Succinic 6.11 5.51 5.30 4.96 4.42 4.60 
Oxalacetic 
Malic 
oc-Ketoglutaric 
Tartaric 
cis-Aconitic 
Citric 
Aliphatic acid 
Salicylic 
£-Hydroxybenzoic 
Protocatechuic 
2-Coumaric 
Phthalic 
Vanillic 
Gallic 
Caffeic 
Ferulic 
Syringic 
6.23 5.61 5.28 
5.97 5.41 5.19 
5.94 5.39 5.33 
5.91 5.28 4.96 
5.69 5.27 5.14 
5.73 5.17 5.09 
6.31 5.67 5.38 
6.29 5.63 5.41 
6.45 6.08 5.52 
6.30 5.82 5.48 
6.10 5.44 5.31 
6.43 5.72 5.45 
6.35 6.06 5.53 
6.45 6.15 5.58 
6.44 5.91 5.59 
6.26 5.85 5.39 
4.61 3.96 4.03 
4.47 . 4.04 4.11 
4.15 3.92 4.04 
4.25 3.81 3.98 
4.12 3.75 3.84 
4.17 3.81 3.85 
4.68 4.09 4.24 
5.29 4.70 4.80 
5.21 4.87 4.89 
5.25 4.79 4.75 
4.52 4.01 4.05 
5.33 4.75 4.88 
5.18 4.85 4.78 
5.07 4.97 4.99 
5.27 4.97 4.78 
4.94 4.68 4.69 
^5 g of soil + 10 itiL of water. 
Table 22. pH values of soil-acid mixtures after 10 days of incubation at 30°C 
pH values of soil-acid mixtures at the 
acid concentration specified 
1 mM with soil specified 10 mM with soil specified 
Acid Chelsea Ackmore Nicollet Chelsea Ackmore Nicollet 
None^ 7.06 6.90 6.09 7.06 6.90 6.09 
Mineral acid 
Hydrochloric 6.96 6.91 5.92 5.43 5.42 4.68 
Nitric 7.12 6.83 5.89 4.12 4.56 4.57 
Phosphoric 7.14 6.93 6.15 6.58 6.56 5.44 
Sulfuric 7.14 6.92 6.01 4.59 5.06 4.71 
Organic acid 
Aliphatic acid 
Formic 7.20 7.02 6.27 6.91 6.53 6.18 
Acetic 7.15 6.95 6.36 6.69 6.34 6.59 
Propionic 7.23 7.02 6.55 5.89 5.45 5.52 
Glycolic 7.19 7.01 6.34 5.84 6.43 6.32 
Pyruvic 7.01 6.98 6.50 5.94 6.55 6.28 
ii-Butyric 7.16 7.01 6.55 5.73 5.85 5.63 
Oxalic 7.19 7.01 6.27 5.87 6.57 6.52 
Lactic 7.11 7.04 6.48 6.07 • 6.61 6.45 
n-Valeric 7.22 7.04 6.59 5.68 5.88 5.74 
Malonic 7.04 6.98 6.45 5.66 5.51 6.32 
Fumaric 7.16 6.99 6.55 5.54 6.16 6.09 
Maleic 7.08 7.06 6.41 4.72 5.83 5.84 
Succinic 7.13 6.99 6.46 5.69 6.04 5.96 
Oxalacetic 7.19 7. 
Malic 7.11 7. 
a-Ketoglutaric 7.23 6. 
Tartaric 7.21 7. 
cis-Aconitic 7.09 6. 
Citric 7.24 7. 
Aliphatic acid 
Salicylic 7.11 6. 
£-Hydroxybenzoic 7.22 7. 
Protocatechuic 7.14 7 .  
£-Couinaric 7.02 6. 
Phthalic 7.04 6. 
Vanillic ° 7.05 6. 
Gallic 7.13 6. 
Caffeic 7.10 6. 
Ferulic 7.09 7. 
Syringic 7.15 6. 
04 
00 
91 
00 
99 
00 
84 
01 
01 
87 
95 
96 
97 
97 
03 
65 
5 g of soil + 10 mL of water. 
6.37 
6.51 
6.43 
6.48 
6 .61 
6.59 
6.31 
6.30 
6.56 
6.45 
6.30 
6.42 
6.60 
6.54 
6.65 
6.52 
6 . 0 0  
5.95 
5.14 
5.65 
4.29 
4.60 
4.28 
7.20 
6.70 
7.31 
4.05 
5.33 
6.37 
5.30 
6.74 
4.89 
6.52 
6.29 
5.77 
6.42 
5.55 
5.72 
4.57 
5.29 
6.39 
5.81 
4.38 
5.32 
5.80 
5.39 
6.36 
5.01 
6.32 
6.39 
5.92 
6.31 
5.52 
5.79 
4.50 
6.14 
6.45 
6.04 
4.49 
5.25 
5.90 
6.04 
5.43 
5.16 
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obtained in this study agreed with Ponnamperuma's (1972) 
statement that most flooded soils come to fairly stable 
values of pH between 6.7 and 7.2 after a few weeks of sub­
mergence. Organic matter may also affect the pH change 
through the organic acids and CO^ produced in the decomposi­
tion, resulting in decrease in pH. The direction of pH 
change is the result of integrative influence of these two 
contributing factors (Yu, 1985). It seems that in this 
study, the reduction played a major role, leading to a net 
pH increase after 10 days of incubation. The pH values of 
the controls at time zero are higher than, and after 10 days 
of incubation are similar to, those of acid-treated mixtures. 
The effect of organic or mineral acids on N mineraliza­
tion in Chelsea, Ackmore, and Nicollet soils under water­
logged conditions is shown in Tables 23 and 24. The results 
for net N mineralized are those obtained after 10 days of 
incubation at 30°C minus those present initially (native soil 
NH^-N). The amounts of NH^-N produced in control soils 
ranged from 11.3 p.g N g~^ Nicollet soil to 60.4 (j.g N g~^ 
Ackmore soil. The lower value of N mineralized in Nicollet 
soil is probably due to the relatively high C/N ratio of the 
soil. The degree of effectiveness of organic or mineral 
acid on N mineralization varied considerably depending on the 
soil, kind, and concentration of acids used (Table 24). 
Table 23. Effect of type and concentration of acids on nitrogen mineralization 
in soils under waterlogged conditions 
NH^-N produced in soils incubated with acids at 
the concentration specified 
1 mM with soil specified 10 mM with soil specified 
Acid Chelsea Ackmore Nicollet Chelsea Ackmore Nicollet 
•mg NH^-N kg ^ soil 
None 33.4 59.1 11.9 33.4 60.4 11.3 
Mineral acid 
Hydrochloric 47.3 61.2 13.2 18.9 36.9 35.6 
Nitric 57.0 58.8 12.1 18.2 19.4 50.6 
Phosphoric 28.8 67.7 17.4 26.5 51.7 40.1 
Sulfuric 30.6 68.6 29.5 11.8 34.1 39.4 
Organic acid 
Aliphatic acid 
Formic 33.8 69.6 15.0 19.0 36.9 28.9 
Acetic 25.3 66.4 16.2 9.5 9.2 42.3 
Propionic 19.1 63.0 41.7 6.9 4.8 2.9 
Glycolic 37.6 71.4 20.8 23.5 24.8 29.2 
Pyruvic 42.0 66.9 38.2 14.8 35.3 15.0 
n-Butyric 18.2 69.8 28.0 17.6 14.0 8.3 
Oxalic 32.1 75.7 32.3 16.5 32.2 31.2 
Lactic 20.2 69.9 39.3 9.4 12.1 6.9 
n-Valeric 14.6 55.7 35.4 2.9 2.6 -0.3 
Malonic 24.2 60.5 15.0 18 .6 13.1 8.1 
Fumaric 27.9 74.7 48.8 6.2 6.0 13.0 
Maleic 13.9 59.4 29.3 0.9 19.0 2.1 
Succinic 25, .8 62, .1 35, .8 
Oxalacetic 19, .3 71, .1 15, .1 
Malic 21, .8 64. 1 19. 1 
a-Ketoglutaric 17, .2 70, .6 21, .0 
Tartaric 16, .0 64. 7 25, .0 
cis-Aconitic 20, .1 79. 1 47, .0 
Citric 20, .0 68. 8 23, .5 
Aromatic acid 
Salicylic 20, .7 52. 0 40, .3 
£-Hydroxybenzoic 18. 8 69. 5 19, ,2 
Protocatechuic 13. 2 61. 8 31. 1 
2-Coumaric 9. 8 52. ,5 43. 0 
Phthalic 27. 5 46. 2 34. 9 
Vanillic 8. 1 46. 2 31. 7 
Gallic 13, .1 63. 9 36, .3 
Caffeic 7, .9 45. 4 37. 3 
Ferulic 11. 8 55. 0 40. 2 
Syringic 7. 5 21. 3 38. ,1 
LSD 2 <0.05 3. 42 4. 95 4. 87 
None - 5 g of soil + 25 mL of water. 
5.0 20.3 7.2 
5.3 14.9 13.8 
10.9 29.8 10.0 
0.1 1.4 -3.3 
2.5 2.0 10.8 
2.4 -6.6 7.0 
3.8 -4.5 7.0 
5.8 3.5 4.7 
3.5 5.9 17.8 
8.0 15.7 10.4 
9.5 -4.0 5.4 
7.4 3.3 7.9 
1.9 6.0 14.0 
5.0 0 2.2 
0.7 -4.2 5.5 
9.0 19.4 16.4 
9.2 4.6 11.4 
2.27 4.38 3.93 
Table 24. Effect of type and concentration of acids on percentage inhibition 
• or stimulation of nitrogen mineralization in soils under waterlogged 
conditions 
Percent inhibition of NH^-N produced in soils 
at the acid concentration specified^ 
Acid 
H
 
il
 
with soil specified 10 mM with soil specified 
Chelsea Ackmore Nicollet Chelsea Ackmore Nicollet 
Mineral acid 
Hydrochloric -41.6 -3.5 -11.4 43.3 38.9 -214 
Nitric -70.7 0.5 -1.8 45.5 67.8 -346 
Phosphoric 13.7 -14.6 -46.5 20.6 14.5 -254 
Sulfuric 8.4 -16.2 -149 64.8 43.5 -248 
Organic acid 
Aliphatic acid 
Formic -1.2 -17.6 -26.3 43.1 38.9 -155 
Acetic 24.3 -12.3 -36.8 71.5 84.9 -274 
Propionic 42.7 -6.7 -252 79.4 92.1 74.3 
Glycolic -12.5 -21.0 -75.4 29.6 59.0 -158 
Pyruvic -25.9 -13.2 -222 55.5 41.7 -32.1 
n-Butyric 45.4 -18.1 -136 47.3 76.8 26.6 
Oxalic . 3.7 -28.2 -173 50.5 46.6 -175 
Lactic 39.6 -18.3 -231 71.8 80.0 39.4 
n-Valeric 56.3 5.6 -199 91.4 95.7 103 
Malonic 27.4 -2.5 -26.3 44.2 78.3 28.4 
Fumaric 16.5 -26.4 -312 81.5 90.0 -14.7 
Maleic 58.3 -0.5 -147 97.3 68.5 81.5 
Succinic 22.6 -5.1 -20.2 85.1 66.4 36.7 
Oxalacetic 42.3 -20.4 -27.2 84.1 75.3 -22.1 
Malic 34.6 -8.5 -61.4 67.2 50.6 11.9 
a-Ketoglutaric 48.6 -19.5 -77.2 99.8 97.7 129 
Tartaric 52.0 -9.5 -111 92.5 96.7 4.6 
cis-Aconitic 39.7 -34.0 -297 92.7 111 38.5 
Citric 40.1 -16.5 -98.2 88.8 107 38.5 
Aromatic acid 
Salicylic 38.0 12.0 -240 82.6 94.1 58.7 
£-Hydroxybenzoic 43.8 -17.6 -62.3 89.4 90.2 -56.9 
Protocatechuic 60.6 -4.6 -162 76.0 74.0 8.3 
2-Coumaric 70.6 11.1 -262 71.7 107 52.3 
Phthalic 17.8 21.8 -194 77.9 94.5 30.3 
Vanillic 75.7 21.8 -168 94.4 90.0 -23.9 
Gallic 60.7 -8.1 -207 85.0 100 80.7 
Caffeic 76.2 23.1 -215 97.8 107 51.4 
Ferulic 64.8 6.9 -240 72.9 67.8 -45.0 
Syringic 77.6 63.9 -221 72.6 92.4 -0.2 
LSD :p < 0.05 10.4 8.49 40.2 6.83 7.35 35.1 
^NH^-N produced in the absence of acid (5 g soil + 25 mL water) -
NH^-N produced in the presence of acid (5 g soil + 25 mL acid) 
( ) ^ 100. 
produced in the absence of acid 
Negative values indicate stimulation of NH^-N production. 
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Results for Chelsea soil showed that even at 1 itiM acid 
concentration, the N mineralization was inhibited by most 
of the organic acids tested. Among the mineral acids, HgSO^ 
and HgPO^ showed low inhibition, whereas HCl and HNOg en­
hanced N mineralization. Among the organic acids, aromatic 
acids generally showed higher degrees of inhibition than 
aliphatic acids, ranging in values from 17.8% for phthalic 
acid to 77.6% for syringic acid, with average inhibition of 
58.6%, and ranging in values from 3.7% for oxalic acid 
to 58.3% for maleic acid, with average inhibition of 37.1%, 
respectively. The most effective inhibiting acids on N 
mineralization in Chelsea soil at 1 mM were £-coumaric, 
vanillic, caffeic, and syringic acids, with average inhibi­
tion > 75%; the least effective ones were; oxalic, fumaric, 
and phthalic acids with < 15% average inhibition. Formic, 
glycolic, and pyruvic acids, however, enhanced N mineraliza­
tion by 1.2, 12.5, and 25.9%, respectively (Table 24). At 
10 mM, all acids exhibited much greater inhibition than those 
of 1 mM, ranging from 20.6% for H^PO^ to 99.8% for a-ketoglu-
taric acid. Among the mineral acids, at 10 mM, HCl and 
HNOg changed their influence from enhancing (at 1 mM) to 
inhibiting N mineralization. The inhibition by organic acids 
generally exceeded that by mineral acids. The most effective 
inhibiting acids at 10 mM concentration were n-valeric, 
maleic, a-ketoglutaric, tartaric, cis-aconitic, vanillic. 
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and caffeic acids, with average inhibition of > 95%; the 
least effective ones at 10 mM were: HCl, H^PO^, formic, 
glycolic, and malonic acids, with average inhibition < 31%. 
The effect of organic acids on N mineralization varied 
among the soils (Table 24). For example, at 1 mM acid con­
centration, the effect on N mineralization in Ackmore soil 
was significantly different from that in Chelsea soil. 
Most mineral and aliphatic acids enhanced rather than in­
hibited N mineralization. The degrees of enhancement by 
aliphatic acids was generally higher, ranging from 0.5% for 
maleic acid to 34% for cis-aconitic acid, than mineral acids, 
ranging from 3.5% for HCl to 16.2% for HgSO^. At 1 mM, for 
aliphatic acid, oxalic, fumaric, and cis-aconitic acids 
showed an average of 30% enhancement, whereas malonic, 
maleic, and succinic enhanced N mineralization by < 5%. 
Most aromatic acids inhibited N mineralization in Ackmore 
soil even though the inhibition was much smaller (average 
inhibition = 22.9%) than that in Chelsea soil (average inhi­
bition = 58.6%). Among the aromatic acids, syringic acid 
was the most effective inhibitor, with 63.9% inhibition, 
whereas £-hydroxybenzoic, protocatechuic, and gallic acids 
enhanced N mineralization from 4.6 to 17.6%. 
At 10 mM, all acids inhibited N mineralization, and the 
degree of effectiveness, as well as other trends among acids, 
were all similar to that in Chelsea soil (Table 24). The 
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effect of the differences in properties of these two soils 
on N mineralization was suppressed by higher concentration 
of the acids. The most effective inhibiting acids included 
n-valeric, a-ketoglutaric, tartaric, cis-aconitic, citric, 
£-coumaric, gallic, and caffeic acids with an average of 
> 95% inhibition. The least effective inhibiting acids were: 
HCl, HgSO^, HgPO^, formic, pyruvic, and oxalic acids, with 
average of < 40% inhibition. 
Compared with Chelsea and Ackmore soils, Nicollet 
soil showed significant difference in the effect of organic 
and mineral acids on N mineralization. The effects of the 
acids tested on N mineralization in Nicollet soil were as 
follows. At 1 mM, all the acids tested enhanced N mineral­
ization with much greater effectiveness than those in Ackmore 
soil, ranging in values of enhancement from 1.8% for HNO^ to 
297% for cis-aconitic acid (Table 24). For Nicollet soil at 
1 mM, the average percentage enhancement followed the order: 
aromatic organic acid (average = 197%) > aliphatic acid (aver­
age = 143%) > mineral acid (average = 52%). Among the min­
eral acids, HgSO^ showed highest enhancement of 149% and 
HNOg the least, with only 1.8%. Among aliphatic acids, 
propionic, pyruvic, lactic, fumaric, succinic, and cis-
aconitic acids were the most effective in enhancing N 
mineralization (average = 253%); whereas the 
enhancement by formic, malonic, and oxalacetic acids was 
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only < 30%. With aromatic acids, salicylic, p-coumaric, 
gallic, caffeic, ferulic, and syringic acids, all showed > 
200% enhancement; while £-hydroxybenzoic acid was least 
effective, with 62.3% enhancement. At 10 mM, even though 
more than half of the organic acids had inhibitory effect 
on N mineralization in Nicollet soil, the degree of effec­
tiveness was much reduced as compared with that in Chelsea 
and Ackmore soils, ranging in value from 4.5% for tartaric 
acid to 129% for a-ketoglutaric acid. Along with a-ketoglu-
taric acid, as the most effective inhibiting acid, were 
propionic, n-valeric, maleic, and gallic acids (average of 
85% inhibition); whereas tartaric and protocatechuic acids 
only showed < 10% inhibition. Formic, acetic, glycolic, 
pyruvic, oxalic, fumaric, oxalacetic, £-hydroxybenzoic, 
vanillic, and ferulic acids, however, enhanced N mineraliza­
tion, 14.7% with fumaric acid to 274% with acetic acid. 
Significantly different from the other two soils, all the 
mineral acids exhibited high enhancement (average = 265%) 
of N mineralization in Nicollet soil. Duncan's multiple 
range test showed that the amounts of NH^ produced in the 
three soils in the presence of 1 mM acid were significantly 
(£ < 0.05) greater than those produced in the presence of 10 
mM acid. 
It is clear from this study that the chemical and 
physical properties of the soils used and perhaps the nature 
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of N in soils have a marked effect on inhibition or enhance­
ment of N mineralization by organic and mineral acids. In 
general, at 1 mM, the effect of organic acids on N mineraliza­
tion for the three soils was: low inhibition in Chelsea 
soil; low enhancement in Ackmore soil; and high enhancement 
in Nicollet soil. Chelsea soil has the lowest buffering 
capacity among the three soils, thus N mineralization was 
retarded the most. However, for Ackmore and Nicollet soils, 
because of the relatively high clay and organic C content, 
thus high buffering capacity, the actual concentration of 
the organic acids in soil solution may be lower than that 
in Chelsea soil. 
The stimulated N mineralization by low concentration of 
organic acids probably is due to the fact that low concen­
tration of organic acids could alter the microbial metabolism 
in such a way that promoted the activity of microorganisms. 
At 10 mM, on the other hand, N mineralization was severely 
inhibited by organic acids, especially in Chelsea and 
Ackmore soils. The effect was less in Nicollet soil in which 
both inhibitory and stimulatory effects were observed. 
The high concentration of organic acids provided a high 
reducing substrate as sources of electron and proton needed 
to reduce the oxidized material in soil, resulted in lowering 
in pH and Eh of the soils, thus contributing to the deactiva­
tion of ammonifying microorganisms. As was found in the 
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study by Lynch (1977) that whereas low (<5 mM) concentra­
tions of acetic acid could stimulate the extension of roots 
at pH 6.5, higher concentrations were inhibitory to growth. 
The effect on N mineralization was significantly dif­
ferent depending on whether aromatic acids, aliphatic acids, 
or mineral acids were used. The extent of the effect, no 
matter if it was positive or negative, generally followed 
the order: aromatic > aliphatic > mineral acids. Among 
the acids in each group, the effect also varied consider­
ably. The pH values of the soil-acid mixtures after 10 days 
of incubation were similar; thus, not the strength of acid 
but the difference in the properties of the acids were re­
sponsible for their difference in affecting N mineralization. 
In conclusion, the effect of N mineralization by organic 
and mineral acids depends on the soil, kind, and concentra­
tion of the acids used. They could either inhibit or 
stimulate N mineralization in soils under waterlogged 
conditions. 
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V. EFFECT OF ORGANIC ACIDS 
METAL DISSOLUTION IN SOILS 
161 
INTRODUCTION 
It is well recognized that organic acids play an impor­
tant role in various chemical and biological processes in 
soil. They often have a physiological effect on plant 
growth, both favorably and unfavorably (Takijima, 1964; 
Lynch, 1977). They may increase the availability of insolu­
ble forms of plant nutrients, especially P, and they are known 
to be involved in the solubilization, mobilization, and 
transportation of mineral matters, thus contributing to the 
pedogenic processes in soils (Stevenson, 1967; Tan, 1986). 
The weathering of soil silicate minerals such as feldspar 
and biotite by organic acids has been demonstrated by various 
scientists (Huang and Keller, 1972; Boyle et al., 1974; 
Manley and Evans, 1986). The susceptibility of minerals to 
decomposition by organic acids varies depending on the con­
centration and chemical reactivity of acids. It has been 
suggested that the effectiveness of different organic acids 
in mineral weathering is in part related to the magnitude 
of the formation constant of metal-organic complexes and to 
the ionization constant of the acid. Others conclude that the 
dissolution of elements from the minerals by simple acid is 
probably attributed more to an acidic effect, or related more 
to the strength of the acid, than the chelation effect or the 
ability of the acid to complex metals (Manley and Evans, 1986). 
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Besides the important role of organic acids in mineral 
weathering and soil formation, the reaction between low-
molecular-weight organic acids and metals are of considerable 
interest because of their possible involvement in metal pollu­
tion of soils and aquatic systems. They are often responsi­
ble for the downward movement of metals due to their solu-
bilizing effect through the water-soluble complex formation 
with the metals (Muir et al., 1964; Pohlman and McColl, 1986; 
McColl and Pohlman, 1986). In the past, most attention was 
focused on the study of humic and fulvic-metallic interac­
tions in soils. Recently, a few studies have been conducted 
on several soluble low-molecular-weight organic acids and 
their chelating influence on metal dissolution in forest 
soils (Pohlman and McColl, 1986; McColl and Pohlman, 1986). 
However, little information is available on the effect of 
organic acids on metal dissolution in cultivated agricultural 
soils. Such knowledge would have a significant bearing on a 
better understanding of soil-organic acid-metal interactions 
and their potential roles in affecting metal mobility in the 
soil environment. Therefore, the objective of this study was 
to evaluate the relative effect of equimolar concentrations 
of 29 low-molecular-weight organic acids that are known to 
originate from various sources in soils on metal dissolution 
in three Iowa agricultural soils. Four mineral acids were 
also included to provide a basis for comparison. 
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DESCRIPTION OF METHODS' 
The soils used in this study (Table 18, Part IV) were 
surface (0-15 cm) samples selected to provide a wide range 
in pH, organic C, total N, and texture. 
The 29 organic acids used (Table 19, Part IV) were ob­
tained from Sigma Chemical Co., St. Louis, MO. Of these, 
19 were aliphatic acids and 10 were aromatic acids. Four 
mineral acids (HCl, HNOg, HgSO^, and H^PO^) were also in­
cluded as control acids for comparison. 
In the study of determination of the organic or mineral 
acids on metal dissolution, a sample of soil (5 g) in a 50-mL 
contrifuge tube was treated with 25 mL of either 1 mM or 
10 mM organic or mineral acid, mixed, and the soil-acid mix­
ture was then incubated at 30°C for 10 days. After incuba­
tion, the soil-acid mixture was shaken for 1 h and centri-
fuged at 12,070 g for 10 min. Then the soil suspension was 
filtered through a 0.45-p,m membrane filter (MSi Micron 
Separations Inc., Westboro, MA). The filtrate was acidified 
to pH < 2.5 and stored at 4°C for metal analysis. The con­
centration of the metals (Al, Fe, Mn, and Zn) in the filtrate 
was determined by a Perkin-Elmer 5000 atomic absorption 
spectrophotometer. 
To evaluate the relative effectiveness of different 
organic acids on the rate of metal dissolution, a sequential 
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extraction experiment was run for selected organic acids, 
including six aliphatic acids (acetic, aconitic, n-butyric, 
citric, malonic, and propionic acid) and three aromatic 
acids (gallic, protocatechuic, and salicylic acid). Four 
mineral acids (HCl, HNOg, HgSO^, and H^PO^) were included 
for comparison. In this procedure, 5 g of soil in a 50-mL 
centrifuge tube was treated with 25 mL of either 1 mM or 
10 mM organic or mineral acid, mixed, shaken for 1 h, and 
centrifuged at 12,070 g for 10 min. The suspension was 
filtered through a 0.45-am membrane filter. The filtrate 
was acidified to pH < 2.5 for metal analysis as described 
previously. To the soil residue, 25 mL of acid was added 
and the above procedure was repeated. This 1-h acid treat­
ment was repeated four more times under the same conditions. 
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RESULTS AND DISCUSSION 
The effect of 29 organic acids at 1 and 10 mM on metal 
dissolution was evaluated by using three Iowa surface soils; 
Chelsea, Ackmore, and Nicollet soils. Four mineral acids 
were included for comparison. The results of metals (Al, Fe, 
Mn, and Zn) released after 10 days of incubation with acid 
at 30°C are shown in Tables 25-28. In general, the amount of 
metals released varied considerably depending on the soil and 
kind and concentration of acid used. The amounts of Al in 
soils incubated with water (controls) for 10 days were: 
Chelsea soil, 0 mg kg~^; Ackmore soil, 0 mg kg~^; and 
Nicollet soils, 13.6 mg kg~^. At 1 mM acid, the average Al 
dissolution generally followed the order; Nicollet > 
Chelsea > Ackmore soil. At 10 mM acid, however, the order 
of Al dissolution varied among the three soils depending on 
the organic acids used. Higher acid concentration (10 mM) 
generally resulted in higher metal dissolution than lower 
acid concentration (1 mM). Among the acids, at 10 mM, 
citric, malonic, and salicylic acid were the most effective 
acids in Al dissolution in all three soils. Along with these, 
cis-aconitic, a-ketoglutaric, oxalic, and gallic acids were 
also very effective in Chelsea soil, while succinic acid was 
very effective in Nicollet soil for Al dissolution. Compared 
with controls, organic acids generally enhanced Al dissolu­
tion in Ackmore and Chelsea soils. However, in Nicollet 
Table 25. Effect of type and concentration of acids on the release of A1 from 
soils 
Acid 
A1 released from soils at the acid concentration specified 
1 mM with soil specified 10 mM with soil specified 
Chelsea Ackmore Nicollet Chelsea Ackmore 1 Nicollet 
-
^ soil^ —-mg g 
None^ 0 0 13.6 0 0 13.6 
Mineral acid 
Hydrochloric 0 2.27 9.09 10.2 0 2.27 
Nitric 2.27 2.27 6.82 3.41 0 2.27 
Phosphoric 2.27 3.41 7.96 3.41 2.27 10.2 
Sulfuric 3.41 3.41 12.5 3.41 0 2.27 
Organic acid 
Aliphatic acid 
Formic 5.68 3.41 9.09 5.68 0 2.27 
Acetic 2.27 4.55 5.68 3.41 2.27 10.2 
Propionic 2.27 1.14 7.95 3.41 2.27 2.27 
Glycolic 4.55 0 21.6 3.41 2.27 3.41 
Pyruvic 4.55 1.14 0 3.41 2.27 10.2 
n-Butyric 2.27 1.14 9.09 3.41 2.27 3.41 
Oxalic 2.27 0 0 28.4 0 6.82 
Lactic 4.55 1.14 3.41 3.41 2.27 2.27 
ii-Valeric 7.95 3.41 2.27 0 4.55 0 
Malonic 2.27 2.27 2.27 114 119 12.5 
Fumaric 2.27 3.41 6.82 3.41 2.27 2.27 
Maleic 0 1.14 3.41 5.68 2.27 2.27 
Succinic 3.41 2.27 2.27 3.41 5.68 17.1 
Oxalacetic 2.27 0 2.27 5.68 7.95 6.82 
Malic 0 3.41 2.27 3.41 2.27 3.41 
a-Ketoglutaric 2.27 0 2.27 14.8 2.27 2.27 
Tartaric 3.41 3.41 0 0 2.27 5.68 
cis-Aconitic 2.27 2.27 10.2 14.8 2.27 2.27 
Citric 3.41 2.27 5.68 190 18.2 25.0 
Aromatic acid 
Salicylic 2.27 0 10.2 25.0 31.8 21.6 
_£-Hydroxybenzoic 5.82 3.41 3.41 4.55 4.55 5.68 
Protocatechuic 3.41 1.14 4.55 10.2 2.27 2.27 
£-Coumaric 2.27 3.41 2.27 3.41 2.27 4.55 
Phthalic 2.27 3.41 7.95 10.2 6.82 3.41 
Vanillic 2.27 1.14 5.68 3.41 0 2.27 
Gallic 2.27 1.14 5.68 27.3 5.68 2.27 
Caffeic 2.27 2.27 2.27 9.09 4.55 10.2 
Ferulic 3.41 0 6.82 5.68 0 2.27 
Syringic 3.41 1.14 3.41 3.41 0 2.27 
LSD 2 < 0.05 2,03 2.48 3.13 5.08 1.12 2.85 
^5 g of soil (<2mm) + 25 mL of 1 itiM or 10 mM acid in a stoppered 50 itiL 
plastic centrifuge tube were incubated at 30°C for 10 days. The tube was 
centrifuged and the filtrate was analyzed for A1 as reported in the Description 
of Methods section. 
^None = 5 g of soil + 25 mL of water. 
Table 26. Effect of type and concentration of acids on the release of Fe 
from soils 
Fe released from soils at the acid concentration specified 
Acid 
1 mM with soil specified 10 mM with soil specified 
Chelsea Ackmore Nicollet Chelsea Ackmore Nicollet 
, —^ 
soil^ — — mg g 
None 1.17 0.31 8.41 1.17 0.31 8.41 
Mineral acid 
Hydrochloric 1.40 0.16 6.23 17.8 4.98 5.30 
Nitric 2.18 0.23 6.39 0.55 0.16 0.31 
Phosphoric 6.23 0.23 2.96 0.86 1.40 15.2 
Sulfuric 1.56 0.23 3.89 30.8 4.48 5.61 
Organic acid 
Aliphatic acid 
Formic 3.27 0.31 5.30 3.66 0.23 4.28 
Acetic 3.19 0.16 3.27 0.62 0.39 5.30 
Propionic 3.04 0.31 1.87 3.04 0.39 4.52 
Glycolic 3.12 4.05 4.75 18.8 1.17 2.73 
Pyruvic 2.96 . 0.55 3.19 2.34 0.62 6.23 
n-Butyric 2.96 10.1 3.58 21.1 0.39 4.75 
Oxalic 3.66 0 5.69 20.7 0.39 3.89 
Lactic 3.04 5.22 3-12 11.5 1.01 2.73 
n-Valeric 3.04 0.31 3.12 7.48 10.3 20.6 
Malonic 3.43 0 5.06 128 47.0 13.7 
Fumaric 2.57 1.40 3.82 3.82 1.48 6.54 
Maleic 1.87 3.74 4.91 31.9 11.6 21.2 
Succinic 2.96 0.23 4.21 3.19 2.41 9.50 
Oxalacetic 3.12 0.16 6.07 1.95 2.34 2 
Malic 3.19 0 4.52 17.1 0.70 7 
a-Ketoglutaric 2.88 7.24 3.43 121 5.53 15 
Tartaric 2.41 0.39 7.79 12.3 2.57 3 
cis-Aconitic 2.18 2.57 8.80 165 17.2 26 
Citric 2.02 0.39 1.56 308 31.5 58 
Aromatic acid 
Salicylic 1.79 1.01 5.45 7.55 15.7 6 
g-Hydroxybenzoic 1.32 0.39 6.70 0.78 0.78 5 
Protocatechuic 2.34 0.55 8.26 186 187 46 
g-Coumaric 1.56 0.39 2.49 1.95 0.55 1 
Phthalic 1.25 0.55 2.02 3.27 0.78 1 
Vanillic 4.52 0.39 5.37 12.1 0.47 0 Gallic 4.05 0.39 2.80 228 116 19 Caffeic 1.79 2.26 4.75 12.2 42.8 9 
Ferulic 1.79 11.3 5.45 0.55 0.16 2 Syringic 3.58 0.39 4.60 10.9 1.48 1 
LSD 2 0.05 0.65 0.91 0.97 9.44 C
O H
 2 
96 
94 
9 
89 
2 
9 
78 
30 
1 
71 
01 
70 
7 
19 
34 
40 
80 
^See footnotes of Table 25. 
Table 27. Effect of type and concentration of acids on the release of Mn 
from soils 
Mn released from soils at the ; acid concentration specified 
1 mM with soil specified 10 mM with soil specified 
Acid Chelsea Ackmore Nicollet Chelsea Ackmore Nicollet 
_1 
soil^ mg kg 
None 6.75 25.2 2.93 6.75 26.0 2.93 
Mineral acid 
Hydrochloric 9.76 31.9 4.31 58.9 95.9 16.2 
Nitric 9.96 20.3 2.20 36.6 76.0 11.3 
Phosphoric 8.54 25.7 2.85 10.1 10.3 2.36 
Sulfuric 11.6 27.3 4.67 70.3 114 20.7 
Organic acid 
Aliphatic acid 
Formic 9.02 30.9 4.55 11.6 22.6 3.25 
Acetic 11.5 31.2 4.27 27.2 32.4 5.00 
Propionic 13.0 30.1 6.91 37.8 31.4 5.61 
Glycolic 10.2 43.5 5.69 59.4 37.6 8.74 
Pyruvic 12.7 22.6 5.77 47.6 43.5 11.4 
n-Butyric 11.7 48.0 5.20 49.2 34.0 4.80 
Oxalic 12.9 31.2 3.94 24.4 43.9 5.53 
Lactic 12.8 51.8 7.24 50.8 56.3 5.49 
n-Valeric 11.8 29.4 6.95 41.5 73.2 10.1 
Malonic 14.2 35.1 5.24 76.8 98.1 12.1 
Fumaric 13.6 46.3 6.79 56.1 63.4 15.9 
Maleic 13.7 50.9 5.12 67.5 86.2 22.9 
Succinic 14.6 34.0 5.04 46.8 83.7 15.1 
Oxalacetic 10.5 20.8 
Malic 14.7 24.4 
a-Ketoglutaric 10.9 59.8 
Tartaric 13.5 31.7 
cis-Aconitic 13.5 43.1 
Citric 10.3 31.2 
Aromatic acid 
Salicylic 11.1 27.0 
2-Hydroxybenzoic 14.1 27.6 
Protocatechuic 15.5 30.7 
£-Coumaric 14.6 30.7 
Phthalic 17.8 35.1 
Vanillic 14.6 29.6 
Gallic 13.1 27.6 
Caffeic 14.7 40.7 
Ferulic 13.4 56.6 
Syringic 10.7 30.2 
LSD £ <0.05 1.87 5.30 
^See footnotes of Table 25. 
4.80 
5.89 
6.75 
5.49 
5.93 
7.15 
2.40 
3.37 
5.24 
4.43 
6.67 
4.43 
7.97 
6.83 
7.64 
7.24 
0.79 
41.9 
71.1 
108 
74.0 
90.7 
113 
47.2 
18.1 
35.8 
24.0 
16.9 
44.7 
40.9 
29.9 
2 0 . 2  
38.2 
7.77 
49.4 
66.7 
100 
63.8 
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115 
92.3 
30.9 
52.2 
57.1 
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33.9 
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15.2 
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Table 28. Effect of type and concentration of acids on the release of Zn. 
from soils 
Acid 
1 mM with soil specified 10 mM with soil specified 
Chelsea AcKmore Nicollet Chelsea Ackmore Nicollet 
-1 
soil^ mg kg 
None 0.23 0.09 0.20 0.23 0.07 0.20 
Mineral acid 
Hydrochloric 0.05 0.11 1.10 0.92 0.34 0.43 
Nitric 0.45 0.14 1.62 1.15 0.47 0.56 
Phosphoric 0.11 0.59 2.00 0.32 0.16 0.43 
Sulfuric 0.23 0.20 0.72 1.08 0.97 0.65 
Organic acid 
Aliphatic acid 
Formic 0.23 0.29 1.53 0.29 0.25 0.47 
Acetic 0.29 0.27 1.31 0.25 0.25 0.07 
Propionic 0.52 0.29 1.04 0.45 0.38 0.72 
Glycolic 0.07 0.20 0.23 1.22 0.16 0.16 
Pyruvic 0.23 0.23 0.38 1.85 0.47 0.23 
n-Butyric 0.16 0.54 0.56 0.43 0.27 1.04 
Oxalic 0.81 0.18 1.24 1.89 0.07 0.52 
Lactic 0.55 0.29 0 .11 2.90 0.11 0.32 
n-Valeric 0.52 0.32 0.52 0.54 0.29 0.72 
Malonic 0.77 0.11 0.47 0.99 0.50 1.98 
Fumaric 0.23 0.36 0.68 0.61 0.14 0.23 
Maleic 0.56 0.45 0.70 3.83 0.50 0.34 
Succinic 0.23 0 .11 0.20 0.34 0.45 0.88 
Oxalacetic 0. 32 0. 59 1. 28 1, .71 0. 27 0. 36 
Malic 1. .26 0, .16 0. 20 0. 61 0. 63 0. 23 
a-Ketoglutaric 0. 32 0. 11 0. 86 1. 85 0, .36 0. 70 
Tartaric 0. 23 0. 07 0. 77 0, .34 0. 27 0. 27 
cis-Aconitic 0. 25 0, .36 0. 61 3. 02 0. 72 1. 51 
Citric 0. 20 0. 23 0. 59 2. 75 0. 56 0. 36 
Aromatic acid 
Salicylic 0. 95 0. 50 0. 29 0. 79 1. 71 0. 45 
£-Hydroxybenzoic 0. 54 0. 27 0, .41 0, .88 0. 32 0, .32 
Protocatechuic 0. 65 0. 20 0. 16 0. 90 0. 38 1. 31 
_£-Coumaric 0. .23 0. 11 0. 56 0. 77 0. 20 1. 80 
Phthalic 0. 29 0, .20 0. 38 1, .62 1. 01 0, .54 
Vanillic 0. 43 0. 09 0. 16 0, .54 0. 34 1, .10 
Gallic 0. 07 0. 45 1. 60 1. 37 0. 47 0. 38 
Caffeic 0. 20 0, .23 1. 35 0. 94 0, .38 1. 82 
Ferulic 0. 32 0. 11 0. 32 0, .95 0, .29 1, .46 Syringic 0. 20 0. 11 0. 20 0, .27 0, .45 0, .63 
LSD £ < 0.05 0. 15 0, .12 0. 23 0, .35 0, .12 0, .24 
^See footnotes of Table 25. 
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soil, the presence of acids seemed to have resulted in lower 
A1 dissolution than that of the control. Among the three 
groups of acids (mineral, aliphatic, and aromatic acids), at 
1 mM, on the average, A1 release followed the sequence: 
control > mineral > aliphatic = aromatic acid for Nicollet 
soil, and aliphatic = aromatic = mineral acid > control for 
both Ackmore and Chelsea soils. At 10 mM acid, the trend was 
similar with the exception of a few chelating acids mentioned 
above, which showed significantly higher values of A1 dissolu­
tion than other acids. 
Iron was another metal that was tested for its release 
by mineral and organic acids. In control soils, the amounts 
of Fe in solution after 10 days of incubation were as follows: 
Chelsea soil, 1.17 mg kg~^; Ackmore soil, 0.31 mg kg~^; and 
Nicollet soil, 8.41 mg kg~^. At 1 mM acid, the average rate 
of Fe dissolution generally was in the order: Nicollet > 
Chelsea > Ackmore soil. At 10 mM acid, however, the trend 
was as follows: Chelsea > Ackmore > Nicollet soil. High 
acid concentration (10 mM) apparently led to higher Fe 
dissolution than did low concentration (1 mM). Among the 
33 acids tested at 10 mM, cis-aconitic, citric, malonic, 
gallic, and protocatechuic acids were the most effective in 
releasing Fe from all three soils. While n-valeric acid 
was most effective in releasing Fe from Nicollet soil; 
caffeic and salicylic acids in releasing Fe from Ackmore 
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soil, and HCl, HgSO^, n-butyric, a-ketoglùtaric, glycolic, 
malic, oxalic, tartaric, syringic, and vanillic acids in 
releasing Fe from Chelsea soil. Compared with control soils, 
most acids promoted the Fe dissolution, especially those 
acids mentioned above. 
For the three groups of acids (mineral, aliphatic, and 
aromatic acids), at 1 mM, on the average, Fe release followed 
the order; control > mineral > aliphatic = aromatic acid for 
Nicollet soil, and aliphatic > aromatic > mineral acids > 
control for both Ackmore and Chelsea soils. At 10 mM acid, 
with the exception of the most effective acids in Fe dis­
solution listed above, the trend was: for Nicollet soil, 
aliphatic > aromatic acids > control > mineral acids; for 
Ackmore soil, mineral > aliphatic > aromatic acids > control; 
and for Chelsea soil, aliphatic = aromatic acids > control > 
mineral acids. 
Manganese release was also measured after 10 days of 
incubation of the three soils treated with each of the 33 
acids. In controls (soil-water mixture), Mn concentrations 
in solutions were: Chelsea soil, 6.75 mg kg~^; Ackmore 
soil, 25.2 mg kg~^; and Nicollet soil, 2.93 mg kg~^. At 
1 mM acid, the release of Mn from the three soils was gen­
erally; Ackmore soil > Chelsea soil > Nicollet soil. At 
10 mM, the trend was similar. The amount of Mn released at 
10 mM acid was significantly higher than that at 1 mM acid. 
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Among the acids studied, HgSO^, cis-aconitic, citric, 
a-ketoglutaric, maleic, mali'c, malonic, gallic, and salicylic 
acids were most effective in Mn dissolution. Other acids 
such as tartaric were most effective in Chelsea soil; and HCl, 
succinic, phthalic, and syringic acids in Ackmore soil. Com­
pared with controls, the acids studied had significant ef­
fect on stimulating the Mn dissolution in soils, especially 
at the higher concentration. For the three groups of acids 
studied (mineral, aliphatic, and aromatic acids), at 1 mM 
acid, the sequence of Mn dissolution, in general, followed 
the order; aliphatic = aromatic > mineral acids > control. 
At 10 mM acid, there was a relatively high degree of varia­
tion, thus, the trend varied depending on the acid used. 
The amounts of Zn released in the controls after 10 days 
of incubation were; Chelsea soil, 0.23 mg kg~^; Ackmore soil, 
0.09 mg kg~^; and Nicollet soil, 0.20 mg kg~^. Among the 
three soils, the order of Zn dissolution at 1 mM acid was; 
Nicollet > Chelsea soil> Ackmore soils, with a few excep­
tions. At 10 mM acid, however, the trend, in general, varied 
depending on the acid used. But, in general, the order was: 
• Chelsea soil > Nicollet soil > Ackmore soil. For majority of 
the acids, the Zn dissolution was proportional to the con­
centration of the acids used. Compared with controls, the 
presence of acid generally enhanced Zn dissolution. The 
difference among the three groups of acids in Zn dissolution 
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was not obvious because the amounts of Zn release were very 
low as compared with the amounts of the other metals released. 
From the results of metal release in three Iowa soils 
by each of 33 different organic and mineral acids at two 
concentrations, it seemed that the soil and kind and concen­
tration of acids used affected the amount of metals released. 
The amounts of metals released followed the sequence: Mn > 
Fe > A1 > Zn. Usually the presence of acid stimulated metal 
dissolution. The higher concentration (10 mM) of acids re­
sulted in significantly (Duncan's multiple range test, p < 
0.05) greater amounts of metal release than those of low 
concentration acids (1 mM) . Thus, the strength of the acid 
played a positive role in metal dissolution in soils by in­
creasing the metal solubility or mineral weathering processes. 
It has been suggested that the effectiveness of different 
organic acids in mineral weathering to be, in part, related 
to the ionization constant of the acids and, in part, re­
lated to the magnitude of the formation constant of their 
Al-organic complexes (Manley and Evans, 1986). From Tables 
19 and 20, it is clear that the first ionization constant of 
the acid used is usually directly related to the relative 
strength of the acid, reflected by the pH values of the 
respective acid. A study by Manley and Evans (1985) suggests 
that the strength of the acid is probably more important in 
the release of chemical elements from minerals than the 
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ability of the acid to complex metals. The present study, 
however, seems to indicate that the strength of acid does 
not always correlate positively with the amounts of metals 
released. For example, even though mineral acids are much 
stronger than organic acids in their ionization, compared 
with organic acids, addition of mineral acids to soils often 
resulted in lower amounts of metal release than those by 
organic acids. But for a given acid, increasing the concen­
tration of the acid by tenfold led to a significant increase 
in proton concentration (lower pH) of the solution, and this, 
in general, played a positive role in accelerating the dis­
solution of metals in soils. The results of this study 
demonstrated that besides the factor of acidity, the kind 
of acid or the structure of the acid used played a signifi­
cant role in affecting the metal dissolution. The results 
showed that acids such as citric, malonic, gallic, 
protocatechuic, and salicylic acids, which are capable of 
chelating metals through their carboxylic acid groupls) 
(act as tri- or bidentate ligands) and ortho-OH group(s) and/ 
or carboxylic acid group (s) in phenolic acids, resulted in 
strong metal dissolution at 10 mM acid concentrations in 
almost all soils studied regardless of metals measured. 
This is in agreement with the report by Pohlman and McColl 
(1988) stating that organic compounds such as di- and tri­
carboxylic acids, those containing g-hydroxyl functional 
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groups in aliphatic acids and orth-OH groups in aromatic 
acids, were stronger in their ability to dissolve A1 than 
similar organic compounds with other functional group com­
binations. Part of the acids mentioned above satisfied 
these structures. Malonic acid has two COOH groups attached 
to a common carbon, while gallic and protocatechuic acids 
have adjacent OH groups in their aromatic rings, both of 
which favor the formation of chelation ring with metals. 
Caffeic acid has a similar structure as that of gallic acid 
in OH arrangement, but differ in COOH position, thus was 
less effective in metal dissolution. Other acids that 
showed intermediate effectiveness in metal chelation, de­
pending on the soil and metal tested, included di- or tri­
carboxylic acids that do not contain 3-hydroxyl groups or 
orth-OH groups such as cis-aconitic, a-ketoglutaric, oxalic, 
succinic, tartaric, and phthalic acids. These acids have a 
common structural configuration in that they all have two 
pairs of COOH groups attached to two adjacent carbons. 
This arrangement must have contributed to the moderate che­
lation of the metals in soils, though the interaction with 
metals is not as strong as that between a-carboxy and g-
hydroxy functional groups with metals (Table 29, Appendix). 
The latter configuration reportedly favors the formation of 
stable chelated 5- or 6-bond ring structures with metals 
(McColl and Pohlman, 1986; Pohlman and McColl, 1988; Hue 
180 
et al., 1986), thus leading to high metal'dissolution in 
soils. Some exceptions do exist, however. For example, 
malic and tartaric acids, which possess the a-carboxy and 
g-hydroxy groups, released moderate amounts of metals from 
soils. Comparing fumaric and maleic acids, which have the 
same molecular formula but differ in their COOH groups 
structural configuration with trans- for the former and 
cis- for the latter, the degree of metal dissolution was 
maleic > fumaric. The reason for these differences could 
be due to the cis- position of COOH groups, which favors 
more the ring chelation formation than trans- position, or 
due to the stronger acidic strength of maleic than fumaric 
(Table 19 and Appendix). 
The a-ketoglutaric (5 carbon) and oxalacetic (4 carbon) 
acids are both keto-dicarboxylic acids and only differ in 
the carbon chain length. Generally, the dissolution order 
for these acids followed; a-ketoglutaric > oxalacetic acid. 
Glycolic and lactic acids both have a-hydroxy group, and were 
similar in their effect on metal dissolution. The interaction 
between a-hydroxycarboxylic acid and metals was much weaker 
than that of g-hydroxycarboxylic acids and metals. On the 
other hand, monocarboxylic acids such as acetic, n-butyric, 
formic, propionic, pyruvic, and n-valeric have no ability to 
form chelated rings with metals; therefore, little interaction 
or metal dissolution resulted. The aromatic acids. 
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£-coumaric, ferulic, £-hydroxybenzoic, syfingic, and 
vanillic acids, though having functional OH groups attached 
to the aromatic ring, do not play a major role in metal 
dissolution because the OH group(s) are not in the ortho-
position, thus, a stable chelated ring structure is not 
favored. Overall, at low acid concentration of 1 mM, the 
effect of the structure of the acids was not significant. 
Whereas, at high acid concentration (10 mM), the effect of 
the structure was obvious, especially in the Chelsea soil. 
Other than the chelating acids listed above, the difference 
between aliphatic and aromatic acids was minimal. Mineral 
acids only affected metal dissolution through pH effect with­
out any chelation involved. 
To compare the relative rate of metal release by organic 
or mineral acids, a sequential extraction technique was em­
ployed to study the relative rate of metal release by selec­
tive acids (both mineral and organic acids). The same three 
soils, namely, Chelsea, Ackmore, and Nicollet soils, were used. 
Selected groups of organic acids were chosen to represent 
those commonly found in soils or those with specific function­
al groups showing greater dissolution effect in previous in­
cubation studies. The mineral acids used included: HCl, HNO^, 
HgSO^, and H^PO^. The aliphatic acids used were; acetic, 
aconitic, n-butyric, citric, malonic, and propionic acids. 
The aromatic acids used were gallic, protocatechuic, and 
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salicylic acids. The extracting acid solution was renewed 
after every 1 h shaking for a total of five times. 
Figures 31-66 show the results of cumulative amounts of 
Al, Fe, Mn, and Zn released from the three soils by 1 mM or 
10 mM of the mineral acids, aliphatic acids, or aromatic 
acids mentioned above. Figures 31-42 show the effect of 
mineral acids on metal dissolution. Generally, the amounts 
of A1 released by 10 mM acids were much greater than those 
by 1 mM acids, and little difference was observed among the 
four mineral acids studied with 1 mM (Figures 31-33). The 
rate of A1 release from the soils by the acids with 10 mM 
followed the sequence; Chelsea soil > Ackmore soil > 
Nicollet soil. For the controls (extraction with water), A1 
release followed the order; Ackmore soil > Nicollet soil > 
Chelsea soil. At 10 mM acids, the rate of A1 release from 
the soils followed the order; H_SO. > HCl > HNO_ > H_PO. > 
/ 4 J o 4 — 
control. With each additional fresh acid, the rate of 
metal release stayed about constant for Chelsea and Ackmore 
soils, and increased slightly for Nicollet soil. 
The amounts of Fe released by mineral acids from the 
three soils followed the order; Nicollet soil > Ackmore 
soil > Chelsea soil (Figures 34-36). The difference between 
the effect of 1 mM and that of 10 mM acids on Fe release 
was not obvious for Chelsea soil. The trend for Ackmore and 
Nicollet soils in Fe release by mineral acids at 10 mM acid 
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Figure 31, Cumulative release of A1 from five 1-h sequential extractions of 
Chelsea soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 32. Cumulative release of Al from five 1-h sequential extractions of 
Ackmore soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 33. Cumulative release of Al from five l-h sequential extractions of 
Nicollet soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 34. Cumulative release of Fe from five 1-h sequential extractions of 
Chelsea soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 35. Cumulative release of Fe from five 1-h sequential extractions of 
Ackmore soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 36. Cumulative release of Fe from five 1-h sequential extractions of 
Nicollet soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 37. Cumulative release of Mn from five 1-h sequential extractions of 
Chelsea soil by-mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 38. Cumulative release of Mn from five 1-h sequential extractions of 
Ackmore soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 39. Cumulative release of Mn from five 1-h sequential extractions of 
Nicollet soil by mineral acids; (A) 1 mM acid, (B) 10 raM acid 
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Figure 40. Cumulative release of Zn from five 1-h sequential extractions of 
Chelsea soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 41. Cumulative release of Zn from five 1-h sequential extractions of 
Ackmore soil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 42. Cumulative release of Zn from five 1-h sequential extractions of 
Nicollet sil by mineral acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 43. Cumulative release of A1 from five 1-h sequential extractions of 
Chelsea soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 44. Cumulative release of A1 from five 1-h sequential extractions of 
Chelsea soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 45. Cumulative release of Al from five 1-h sequential extractions of 
Ackmore soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
500 
^  400 
o 
m 
D> 
CP 
E 
Û 
w 
s 
LU 
0: 
300  
200 
100 
0 
- A B • 
Ackmore soil 
O Control # 
• Gallic 
A Protocatechuic 
A Salicylic # 
-
• 
-
• 
# 
# A  ^
# A 
A 
S & & A é-- . —A—A—è- ^ 
0 4  5  0  1  2  
EXTRACTION TIME (h) 
Figure 46. Cumulative release of A1 from five 1-h sequential extractions of 
Ackmore soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 47. Cumulative release of A1 from five 1-h sequential extractions of 
Nicollet soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 48. Cumulative release of A1 from five 1-h sequential extractions of 
Nicollet soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 49. Cumulative release of Fe from five 1-h sequential extractions of 
Chelsea soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 50. Cumulative release of Fe from five 1-h sequential extractions of 
Chelsea soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 51. Cumulative release of Fe from five 1—h sequential extractions of 
Ackmore soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 52. Cumulative release of Fe from five 1—h sequential extractions of 
Ackmore soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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gure 53. Cumulative release of Fe from five 1-h sequential extractions of 
Nicollet soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 54. Cumulative release of Fe from five 1-h sequential extractions of 
Nicollet soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 55. Cumulative release of Mn from five 1—h sequential extractions of 
Chelsea soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 56. Cumulative release of Mn from five 1—li sequential extractions of 
Chelsea soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 57. Cumulative release of Mn from five 1-h sequential extractions of 
Ackmore soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 58. Cumulative release of Mn from five 1—h sequential extractions of 
Ackmore soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 59. Cumulative release of Mn from five 1-h sequential extractions of 
Nicollet soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 60. Cumulative release of Mn from five 1-h sequential extractions of 
Nicollet soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 51. Cumulative release of Zn from five 1—li sequential extractions of 
Chelsea soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 62. Cumulative release of Zn from five 1-h sequential extractions of 
Chelsea soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 63. Cumulative release of Zn from five 1—h sequential extractions of 
Ackmore soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 64. Cumulative release of Zn from five 1-h sequential extractions of 
Ackmore soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 65- Cumulative release of Zn from five 1-h sequential extractions of 
Nicollet soil by aliphatic acids; (A) 1 mM acid, (B) 10 mM acid 
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Figure 66. Cumulative release of Zn from five 1-h sequential extractions of 
Nicollet soil by aromatic acids; (A) 1 mM acid, (B) 10 mM acid 
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was less than that at 1 mM acid. The amounts of Fe re­
leased from Ackmore and Nicollet soils at 10 mM acid were 
even less than that of controls (Figures 35 and 36). The 
reason for this is not obvious. The trend for the effect of 
the four mineral acids was not consistent among the three 
soils. 
The effect of 10 mM mineral acids on the release of Mn 
from soils was much greater than that of 1 mM (Figures 37-39). 
The trend of the cumulative Mn released from the soils was: 
Ackmore soil > Chelsea soil > Nicollet soil. For a given 
soil, the rate of Mn dissolution was: HgSO^ > HCl > HNO^ > 
HgPO^ » control. 
The amounts of Zn released was much less than the other 
metals released, and there were relatively greater varia­
bilities, especially at 1 mM acid (Figures 40-42). Gener­
ally, as was the case with other metals studied, the amounts 
of Zn released were greater with 10 mM acid than those with 
1 mM acid. Comparing the effect of acids, the metal release 
followed the order: HgSO^ > HCl > HNOg > H^PO^ > control. 
Figures 43-66 show the results obtained from the sequen­
tial extraction experiments of the amounts of metal released 
by six aliphatic and three aromatic acids at 1 mM and 10 mM. 
The amounts of A1 released were much greater in the presence 
of 10 mM acids than those in the presence of 1 mM acids. 
Among the three soils, the amounts of A1 released generally 
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followed the order: Nicollet soil > Ackmore soil > Chelsea 
soil. For the six aliphatic acids used, at 1 niM, the effect 
on A1 release was: citric > malonic > aconitic = acetic = 
n-butyric = propionic acid = control. Whereas, at 10 mM acid, 
it was; malonic > citric > aconitic > control = other acids. 
Low values of dissolution and little difference between 1 mM 
and 10 mM acid effect was observed for acetic, n-butyric, and 
propionic acids. For the three aromatic acids used, gallic 
was the most effective acid in releasing A1 from soils. The 
cumulative amount of A1 released by 10 mM gallic acid ex­
ceeded those released by citric and malonic acids, followed 
by salicylic acid and was the least by protocatechuic acid. 
Figures 49-54 show the cumulative amounts of Fe re­
leased by organic acids as a function of extraction time 
(h). Again, significantly greater Fe dissolution occurred 
with 10 mM acid than with 1 mM. Among the soils, the 
effect was: Ackmore soil > Nicollet soil > Chelsea soil. 
For aliphatic acids, with 1 mM acid, citric was the only 
acid with greater Fe dissolution effect than other acids. 
Whereas, with 10 mM acid, the effect was in the order: 
citric > malonic > control > acetic = aconitic = n-butyric = 
propionic acid. 
For aromatic acids, similar to A1, gallic acid was the 
most effective acid in stimulating Fe release, while 
salicylic and protocatechuic acids were much less effective. 
221 
The results for Mn release are presented in Figures 55-
60. Among soils, the Mn released was in the order; 
Ackmore soil > Chelsea soil > Nicollet soil. For aliphatic 
acids, it was malonic > citric > aconitic > acetic = n-
butyric = propionic > control. For aromatic acids, the 
order was: gallic > protocatechuic > salicylic acid > 
control. 
Figures 61-66 showed the results of Zn released as a 
function of extraction time (h) . There was relatively 
greater variabilities of Zn as compared with the other metals 
tested, probably due to the low concentrations of Zn de­
tected. The amounts of Zn released with 10 mM acid were, 
generally, greater than those with 1 mM. At 10 mM, gallic 
acid was the most effective in releasing Zn in Chelsea and 
Ackmore soils, followed by salicylic and protocatechuic 
acids. Protocatechuic acid showed highest Zn dissolution 
in Nicollet soil. Among soils, the amounts of Zn release 
was, generally, in the following order: Chelsea soil > 
Ackmore soil > Nicollet soil. 
The results obtained in this study on the effect of 
mineral or organic acids on metals release in soils showed 
that the type of soil and the kind and concentration of acids 
affected the metal dissolution. Generally, increasing the 
acid concentration from 1 mM to 10 mM resulted in signifi­
cantly greater amounts of metal release. The acids having 
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certain functional groups with special structural configura­
tion, which favors the formation of chelating ring, were 
more effective in releasing metals. For a given acid, the 
rate of metal release stayed relatively constant with time, 
but varied among the acids, as shown in the sequential 
extraction experiments. 
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SUMMARY AND CONCLUSIONS 
The objectives of this study were; (1) to assess the 
mineralization of N in crop-residue-treated soils as affected 
by pH; (2) to study the effect of equimolar concentrations 
of trace elements on nitrate reductase activity in soils; 
(3) to assess the analytical application of high-performance 
liquid chromatography for the determination of organic 
acids produced in soils treated with crop residues, and to 
examine the effect of the types of crop residues on the 
concentration and forms of organic acids produced in soils 
under aerobic and waterlogged conditions; (4) to assess 
the relative effect of organic acids on N mineralization 
in soils under waterlogged conditions; and (5) to assess the 
relative effect of organic acids on metal dissolution in 
soils. 
The results of this study can be summarized as follows; 
1. In general, the N mineralization in crop-residue-
treated soils is highly pH dependent. It increased as the 
soil pH increased from 4 to 8. The N mineralization was sig­
nificantly depressed at soil pH 4, compared with pH 5 or 8. 
However, acidification seemed only to depress, but not 
eliminate, N mineralization. 
2. The types of crop residues incorporated in soils 
influenced the pattern of N mineralization. With corn- and 
soybean-residue-treated soils, a marked reduction in N 
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mineralization (or immobilization) was observed throughout 
the entire incubation period, especially at pH 4. In 
sorghum-residue-treated soils, there was an initial N 
immobilization followed by a rapid increase in N mineraliza­
tion. The alfalfa-treated soils showed the greatest N min­
eralization as compared with other residue-treated soils. 
The percentage of organic N mineralized from sorghum residue 
and alfalfa added to soils increased as the soil pH increased; 
the values ranged from 7.7 to 37.0% for sorghum and from 
17.2 to 30.1% for alfalfa. 
3. Most of the mineral N produced under neutral or 
slightly alkaline conditions in crop-residue-treated soils 
was in the form of NO^, indicating that nitrification is 
favored at high pH values. No significant amount of N0~ was 
found in any soil at any pH. Ammonium-N was detected only 
at pH 4. 
4. The results showed that most trace elements inhibited 
the activity of nitrate reductase in acid and neutral soils. 
The relative effectiveness of the 19 trace elements in in­
hibiting the activity of this enzyme varied considerably, 
depending on the soil used and type and concentration of the 
trace element applied. Regardless of the difference in soils, 
the trace elements Ag(I), Cd(II), Hg(II), Se(IV), As(V), and 
W(VI) were the most effective inhibitors of nitrate reductase 
activity in all three soils studied, with inhibition of > 75%; 
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Mn(II) was the least effective inhibitor, with inhibition 
of < 10%. Bariuin(II) either did not inhibit or enhanced 
the nitrate reductase activity. Other trace elements that 
inhibited the nitrate reductase activity included: Cu(I), 
Co(II), Cu(II), Fe(II), Ni(II), Pb(II), Zn(II), Al(III), 
As(III), Cr(III), Fe(III), V(IV), Mo(VI), and Se(VI). 
5. There was a marked increase in the effectiveness of 
the trace elements in inhibiting nitrate reductase activity 
in soils when the concentration of the elements was increased 
from 2.5 ^mol g~^ to 25 umol g~^ soil. 
6. The HPLC technique employed was proven to be a fast 
and efficient method for the determination of organic acids 
in soils. The results obtained were accurate and precise. 
The identity of the peaks was confirmed by standard addi­
tion and by gas chromatography. From this study, the results 
showed that acetic acid (2-20 mM), propionic acid (0-3 mM), 
and n-butyric acid (0-1.4 mM) were the only organic acids 
present in crop-residue-treated soils when incubated under 
waterlogged soils at 25°C for 72 h. No organic acids were 
detected in soils incubated under aerobic conditions at 
25°C for 72 h. The amounts of organic acids produced were 
greatest in alfalfa-treated soils, followed by soybean-
residue-treated soils, and the least were in corn-residue-
treated soils. 
7. The optimum temperature for production of organic 
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acids for alfalfa-treated soils was around 30°C, and that 
for corn-residue-treated soils continued to increase with 
temperature up to 40°C. Depending on the soil and crop 
residue used, organic acids production under waterlogged 
conditions increased with time of incubation up to 12 days. 
The type of soils used affected the concentration of 
organic acids produced. Greater amounts of organic acids 
were produced in alkaline soils than in slightly acidic 
soils when treated with crop residues. 
8. The effect of mineral or organic acids on N min­
eralization under waterlogged conditions depends on the soil 
and kind and concentration of the acids used. It is clear 
from this study that the chemical and physical properties of 
the soils used and perhaps the nature of N in soils have a 
marked effect on inhibition or enhancement of N mineraliza­
tion by organic and mineral acids. In general, at 1 mM, the 
effect of organic acids on N mineralization for the three 
soils was: low inhibition in Chelsea soil, low enhance­
ment in Ackmore soil, and high enhancement in Nicollet soil. 
On the other hand, at 10 mM, N mineralization was severely 
inhibited by the organic acids used, especially in Chelsea 
and Ackmore soils. 
9. The effect of organic acids on N mineralization was 
significantly different depending on whether mineral acids, 
aliphatic acids, or aromatic acids were used. The extent of 
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the effect, no matter if it was positive or negative, 
generally followed the order: aromatic > aliphatic > 
mineral acids. Among the acids in each group, the effect 
also varied considerably. At 1 mM, the acids that enhanced 
N mineralization in all three soils were formic, glycolic, 
and pyruvic acids. Most other aliphatic acids at 1 mM showed 
inhibition in Chelsea soil, but enhanced N mineralization in 
Ackmore and Nicollet soils. Most aromatic acids at 1 mM 
inhibited N mineralization in Chelsea and Ackmore soils 
and all these acids enhanced N mineralization in Nicollet 
soil. At 10 mM, the acids that inhibited N mineralization 
in all three soils with average percentage > 80% included: 
n-valeric, propionic, a-ketoglutaric, maleic, cis-aconitic, 
gallic, and caffeic acids. All acids at 10 mM showed in­
hibition in Chelsea and Ackmore soils, but in Nicollet soil, 
almost half of the acids enhanced N mineralization. 
10. The results obtained from the effect of 33 mineral 
and organic acids on metal dissolution in three Iowa surface 
soils showed that the soil and kind and concentration of 
acids used affected the amount of metals released. Increas­
ing the acid strength from 1 mM to 10 mM resulted in sig­
nificantly greater amounts of metal dissolution. The dif­
ference among the 33 acids of the effect on metal dissolution 
was less obvious at 1 mM than that at 10 mM. 
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11. At 10 itiM, in general, Chelsea soil showed rela­
tively high average metal dissolution, followed by Ackmore 
soil and Nicollet soil. Among the three groups of acids 
(mineral, aliphatic, and aromatic acids) used, even 
though the relative effectiveness on metal dissolution varied 
depending on the soil and metal tested, in general, the 
trend was: aliphatic acids > aromatic acids > mineral 
acids > control. The amounts of metals released followed 
the order: Mn > Fe > A1 > Zn. 
12. Besides the strength of the acid, the structure or 
the configuration of the acid played an important role in 
affecting the metal dissolution. The results showed that 
organic acids such as citric, malonic, gallic, proto-
catechuic, and salicylic acids resulted in strong metal 
dissolution at 10 mM acid. These acids have functional 
groups with special structural arrangement that favors the 
formation of 5- or 6-member chelating rings with the metals. 
The acids that showed strong metal dissolution included 
those di- or tricarboxylic acids containing g-hydroxyl 
groups in aliphatic acids and ortho-OH groups in aromatic 
acids, or those having COOH or OH groups adjacent to each 
other. In general, monocarboxylic acids such as acetic, 
n-butyric, formic, propionic, pyruvic, and n-valeric acids 
have no ability to form chelating rings with metals; there­
fore, little metal dissolution effect was observed. 
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13. The rate of metal release varied among the acids 
studied in sequential extraction experiments. At 10 mM 
acid, the effect on rate of metal release by mineral acids 
was generally: HgSO^ > HCl > HNO^ > H^PO^; among the 
aliphatic acids: citric acid > malonic acid >> other acids; 
and among aromatic acids: gallic acid » salicylic acid > 
protocatechuic acid. 
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Table 29. Possible structural configurations of aliphatic 
and aromatic acids used 
Structural configuration 
Aliphatic acid 
H 
Formic 
H-C-H 
I 
H 
Acetic 
H-C-H 
I 
H-C-H 
I 
H 
Propionic 
H-C-H 
1 
OH 
Glycolic 
COOH 
I 
c=o 
I 
H-C-H 
I 
H 
Pyruvic 
COOH 
I 
H-C-H 
I 
H-C-H 
I 
H-C-H 
I 
H 
n-Butyric 
HO^ 0 
"c^ 
0^ ^ OH 
Oxalic 
HO. 
H-C-OH 
I 
H-C-H 
I 
H 
Lactic 
COOH 
I 
H-C-H 
I 
H-C-H 
I 
H-C-H 
I 
H-C-H 
I 
H 
n-Valeric 
COOH 
I 
H-C-H 
I 
COOH 
Malonic 
HOOC^ /H 
C 
C. 
H' COOH 
Fumaric 
H^ COOH 
c^ 
yC 
H ^COOH 
Maleic 
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Table 29. (Continued) 
Structural configuration 
Aliphatic acid 
COOH 
•I 
H-C-H 
I 
H-C-H 
COOH 
Succinic 
COOH 
I 
H-C-OH 
I 
H-C-OH 
I 
COOH 
Tartaric 
COOH 
I 
c=o 
I 
H-C-H 
I 
COOH 
Oxalacetic 
COOH 
i 
H-C-H 
1 
C-COOH 
II 
H-C 
I 
COOH 
cis-Aconitic 
H 
i 
COOH-C-OH 
I 
H-C-COOH 
I 
H 
Malic 
COOH 
I 
H-C-H 
I 
HO-C-COOH 
I 
H-C-H 
I 
COOH 
Citric 
COOH 
I 
H-C-H 
I 
H-C-H 
I 
c=o 
I 
COOH 
a-Keto-
glutaric 
Aromatic acid 
COOH 
OH 
a 
Salicylic 
COOH COOH 
V 
OH ÔH 
E-hydroxybenzoic Protocatechuic 
Table 29. (Continued) 
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Structural configuration 
Aromatic acid 
H=CH-COOH 
E-Coumaric 
COOH 
ÔT' 
Phthalic 
COOH 
OCH-
)H 
Vanillic 
COOH 
HO^Se^^OH 
OH 
Gallic 
CH=CH-COOH 
H 
3H 
Caffeic 
ÇH=CH-COOH COOH 
Y' "OCH3 
OH 
Ferulic 
OH 
Syringic 
